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ABSTRACT 


In  support  of  the  development  of  a  new  initiative  in  the 
field  of  multiplexed  image  spectroscopy,  a  high  torque, 
servo  system  was  developed.  Utilizing  only  a  low  resolution 
shaft  position  encoder,  the  system  demonstrated  an  excellent 
ability  to  track  a  pulse  input  signal  with  high  precision 
and  stability.  Ultimately,  this  servo  system  will  be 
incorporated  into  a  new  generation  of  multiplexed  imaging 
and  imaging  spectroscopy  instruments.  It  will  provide  those 
instruments  with  the  capability  to  accurately  rotate  into 
position  a  sequence  of  optical  image  encoding  masks  and  it 
will  tightly  control  that  position,  even  in  the  presence  of 
external  perturbations.  A  computer  will  read  the  light 
intensity  signals  from  a  sensor  and  quickly  decode  the  image 
for  viewing  and  analysis.  Further  research  into  this 
technology  should  lead  to  full  development  of  an  extremely 
efficient  infrared  imaging  system,  with  additional 
applications  to  passive  surveillance,  target  signature 
identification,  and  airborne  infrared  astrophysics. 
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I.  INTRODUCTION 


A.  MOTIVATION 

The  development  of  a  new  initiative  in  remote  sensing  of 
the  spatial  and  spectral  properties  of  infrared  (IR) 
radiation  is  the  primary  motivation  for  this  thesis 
research.  The  specific  technological  discipline  is  called 
infrared  imaging  spectroscopy.  The  IR  wavelength  band  has 
been  studied  for  many  years.  Many  types  of  instrumentation 
exist  for  either  IR  imaging  or  spectroscopy,  but  proficient 
devices  that  are  capable  of  performing  both  functions  at 
once  are  uncommon.  Such  a  hybrid-type  of  technology  should 
benefit  many  facets  of  remote  sensing,  especially  in 
surveillance /target  signature  identification  as  well  as  in 
scientific  fields  of  study,  like  infrared  astrophysics. 

The  author's  thesis  advisor,  D.S.  Davis  has  been  the 
developer  of  state-of-the-art  IR  spectroscopic 
instrumentation  for  an  extended  period.  He  has  fielded 
several  infrared  spectroscopic  devices,  one  of  which  is 
currently  deployed  aboard  NASA's  Kuiper  Airborne  Observatory 
(KAO) . 

A  proposed  successor  to  the  KAO,  to  be  called  SOFIA  — 
Stratospheric  Observatory  For  Infrared  Astronomy,  is  under 
early  stages  of  development  by  NASA.  SOFIA  will  be  a 
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modified  Boeing  747  jet  aircraft  carrying  a  Nasmyth,  three 
meter,  open-port  telescope  supplied  by  the  Federal  Republic 
of  Germany.  Designed  to  "address  fundamental  questions  in 
galactic  and  extragalactic  astronomy  and  in  the  origin  and 
evolution  of  the  Solar  System"  [Ref.  1],  Sofia  will  far 
surpass  the  airborne  observation  capabilities  of  the  KAO. 

The  new  focal  plane  instrumentation  to  be  outfitted  on  SOFIA 
is  expected  to  have  ten  times  the  point  source  sensitivity 
and  three  times  the  angular  resolution  of  its  predecessor. 
Scientists  believe  SOFIA  will  be  capable  of  studying  the 
entire  lifecycle  of  the  stars  and  planets  by  examining 
infrared  emissions  of  different  phases  of  the  interstellar 
medium. 

Davis'  principal  contribution  to  KAO  research  has  been 
in  the  development  and  use  of  a  cryogenically-cooled 
infrared  multiplexing  Fourier  transform  spectrometer.  The 
spectrometers  that  are  to  fly  aboard  SOFIA  will  need  to  take 
advantage  of  its  augmented  sensitivity  to  increase  their 
spectral  resolving  powers  where  needed. 

Further  developments  in  spectrometer  design  will  be  used 
on  SOFIA,  including  an  innovative  optical  multiplexing 
technique  for  infrared  imaging  being  pursued  by  Davis 
[Ref.  2].  This  technique  is  based  on  the  use  of  orthogonal 
function  encoding  of  entire  images  at  once,  rather  than  on 
traditional  raster  scanning  methods. 
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Davis  [Re^.  2]  proposes  that  a  unique  state-of-the-art 
imaging/ spectroscopic  system  can  be  developed  that  will  take 
advantage  of  Fourier  spectroscopic  methods  to  image  in  both 
the  spatial  and  spectral  domains  simultaneously.  Davis 
believes  extreme  sensitivity  and  versatility  can  be  achieved 
on  a  platform  such  as  SOFIA.  If  successful,  the  imaging 
spectroscopic  system  could  also  significantly  impact  such 
areas  of  infrared  remote  sensing  as  passive  surveillance  and 
target  signature  identification. 

B.  THESIS  GOAL 

The  goal  of  this  thesis  is  to  provide  the  initial  design 
and  testing  of  a  precision,  closed-loop,  servo  drive  system 
that  will,  eventually,  rotate  and  position  the  orthogonal 
function  encoding  masks  in  Davis*  imaging/ spectroscopic 
system.  This  effort  was  basically  proof -of -concept  in 
nature.  The  shaft  position  encoder  mechanism  used  in  this 
particular  study  was  an  inexpensive  digital  opto-mechanical 
encoder,  known  from  the  start  of  the  project  to  lack  the 
resolution  necessary  for  use  in  the  eventual  prototype 
instrument.  The  next  generation  position  encoder  will  be  a 
high  resolution  phase-locked  loop  analog  encoder.  This  new 
encoder  will  comprise  the  work  of  a  future  thesis  study. 
Thus,  the  project  did  not  set  out  to  achieve  extremely 
sensitive  positioning  standards,  but  rather  to  establish  a 
performance  baseline  to  which  a  more  precise  position 
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encoding  system  could  be  retrofitted  and  refined.  This 
effort  will  lay  the  groundwork  for  future  experimentation 
leading  to  the  development  of  high  speed  and  resolution 
infrared  spectroscopic  imaging  instruments  using  this  servo 
drive  system  to  its  fullest  potential. 
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II.  NATURE  OF  THE  EXPERIMENT 


A.  SYSTEM  OVERVIEW 

This  thesis  involved  the  design  and  prototyping  of  a 
closed-loop  (feedback)  motor  servo  drive  system  in  support 
of  the  development  of  a  new  initiative  in  the  field  of 
infrared  remote  sensing.  Davis  [Ref  2]  proposes  to  use  a 
rotating  disk  to  contain  the  imaging  encoding  masks  in  his 
new  instrument,  a  sketch  of  which  is  provided  in  Figure  1. 

To  maximize  the  data  acquisition  rate,  a  motor  servo  must 
rotate  an  ensemble  of  masks  into  the  image  path  and  position 
the  mask  rapidly,  with  a  high  degree  of  accuracy. 

The  proposed  motor  servo  drive  system  is  comprised  of  a 
high  torque,  direct  current  motor  mechanically  attached  to  a 
shaft  angular  position  encoder.  The  signals  from  the  shaft 
encoder  are  fed  through  an  electronic  feedback  circuit  to 
produce  an  amplified,  negative  feedback  signal.  The  circuit 
is  designed  to  have  the  capability  for  an  analog  voltage 
positional  signal  to  be  added  to  the  feedback  signal, 
thereby  altering  the  steady-state  operating  point  of  the 
closed-loop  system  and,  hence,  the  motor's  preferred  lock-on 
position. 
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The  servo  drive  motor  is  powered  by  a  high  power 
operational  amplifier  in  order  to  achieve  extremely  stable, 
fast  and  accurate  response  to  an  input  position  signal. 

B.  SERVO  DRIVE  REQUIREMENTS 

An  optimal  servo  drive  must  satisfy  several  performance 
criteria,  some  of  which  are  mutually  contradictory.  This 
state  of  affairs  forces  compromises  in  the  engineering 
design.  Below  are  listed  general  considerations  in  the 
design  of  a  servo  drive  system. 

1 .  Frequency  Bandwidth 

A  powerful  electric  motor  is  a  substantial  inductive 
load.  The  response  of  an  inductive  load  at  different 
frequencies  changes  as  a  result  of  phase  shifts  between  the 
input  voltage  to  the  voltage  across  the  inductive  load.  The 
feedback  system  must  be  designed  with  this  in  mind.  The 
most  difficult  perturbation  to  a  servo  system  would  be  its 
response  to  an  abrupt  change  in  its  input  voltage,  such  as  a 
square  wave.  A  square  wave  contains  an  infinite  number  of 
harmonic  frequencies  to  which  the  servo  system  must  respond 
accordingly.  The  ideal  response  to  a  square  wave  input 
would  be,  of  course,  an  instantaneous  motion  of  the  motor 
that  would  track  the  square  wave  exactly. 

2.  Torque  Considerations 

In  order  to  accelerate  the  inertial  load  attached  to 
the  motor  shaft,  including  both  the  external  mechanical  load 
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and  the  motor's  intrinsic  moving  parts,  the  motor  must  be 
able  to  produce  substantial  torque.  Torque  is  produced  in  a 
direct  current  motor  by  a  current  passing  through  a  series 
of  coil  wires  in  a  strong  magnetic  field.  A  forceful  motor 
response  is  very  important  when  changing  the  angular 
velocity  of  the  motor,  for  example,  accelerating  from  a 
stop,  or  reversing  direction  while  rotating. 

3 .  Friction 

The  servo  motor  must  be  relatively  free  of  friction 
to  ensure  maximum  speed  can  be  attained  in  with  minimal 
torque  by  the  motor.  Minimal  friction  ensures  that  the 
torque  required  for  system  response  over  a  broad  band  of 
frequencies  is  directly  proportional  to  motor  current.  This 
results  in  a  simple  linear  system  that  is  capable  of 
responding  to  a  wide  variety  of  inputs,  including  the  square 
wave  mentioned  above. 

4 .  Accuracy 

To  be  useful  in  accurately  positioning  the  motor 
shaft  to  a  desired  angular  location,  the  servo  drive 
feedback  system  must  have  sufficient  gain  to  move  the 
attached  load  in  response  to  the  slightest  feedback  signal, 
even  in  the  presence  of  some  inevitable  friction. 

5.  Stability 

The  system  must  be  stable  at  the  heightened  gain 
condition  required  for  accurate  control,  that  is,  not  be 
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subjected  to  high  frequency  oscillations  while  continuously 
seeking  to  lock  on  to  the  preferred  position.  Stability  is 
also  affected  by  the  high  frequency  phase  shift  produced  by 
the  inductance  of  the  motor  coils.  It  is  possible  to  have  a 
condition  in  which  the  input  stimulus  is  180®  out  of  phase 
with  the  motor  coil  voltage,  causing  an  unstable,  runaway 
motor  response  rather  than  the  desired  tracking  of  the  input 
signal. 
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III.  EXPERIMENTAL  PROCEDURE 


A.  GENERAL  APPROACH 

The  general  approach  taken  on  developing  a  servo  system 
satisfying  the  aforementioned  performance  criteria  was 
broken  down  into  five  phases.  The  first  phase  of  the 
development  was  a  mathematical  modeling  of  a  DC  motor  system 
to  a  given  input  stimulus.  The  next  phase  involved  the 
circuit  parts  selection  and  design.  The  third  phase  was  the 
development  of  individual  electronic  subsystems  within  the 
servo  system  on  a  prototyping  breadboard.  The  forth  phase 
was  the  fabrication  of  a  hard-wired  version  of  the 
electronics  mounted  on  a  sturdy  platform.  The  fifth  and 
final  phase  was  the  testing  and  performance  evaluation  of 
the  finished  system. 

The  following  sections  of  this  chapter  detail  the 
methodology  of  the  effort  involved  in  each  phase. 

B.  MATHEMATICAL  MODELING  OF  SYSTEM  PERFORMANCE 

1 .  Background 

a.  Feedback  System  Analysis 

A  servo  system  is  basically  a  closed-loop, 
negative  feedback  system  that  uses,  at  the  very  least,  both 
electronics  and  electromechanical  components  in  portions  of 
the  closed  feedback  loop.  Before  getting  into  specifics 
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regarding  the  composition  of  the  servo  system,  a  general 
description  of  the  components  which  comprise  a  generic 
closed-loop  (feedback)  control  system  would  be  useful. 

According  to  DiStefano,  Stubberud,  and  Williams 
[Ref.  l;p.  3],  a  closed-loop  control  system  is  one  in  which 
"the  control  action  is  somehow  dependent  on  the  output." 
They  also  define  feedback  as  the  characteristic  of  a  closed 
loop  system  which  enables  the  system  output  to  be  compared 
with  the  input  so  that  the  necessary  control  action  may  be 
constructed  as  a  function  of  the  output  and  input.  The 
following  figure  is  a  block  diagram  of  a  feedback  control 
system  adapted  from  DiStefano,  Stubberud,  and  Williams 
[Ref  3:p.  13]. 

The  following  definitions,  also  adapted  from 
DiStefano,  Stubberud,  and  Williams  [Ref  3],  apply  to  the 
components  of  the  block  diagram: 

•  The  plant,  also  known  as  the  controlled  system, 
is  the  item  or  process  that  is  to  be  controlled. 

•  The  control  elements,  also  known  as  the 
controller,  are  the  components  which  generate  the 
appropriate  control  signal  to  the  drive  the 
plant. 
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Feedback  Control  System 
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Figure  2 

Feedback  Control  System  Block  Diagram 
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•  The  feedback  elements  are  the  components  required 
to  form  the  functional  relationship  between  the 
feedback  signal  and  the  controlled  output. 

•  The  reference  input  is  the  external  signal 
applied  to  the  feedback  control  system  to  execute 
a  specified  action  of  the  plant. 

•  The  plant  generates  an  output  that  is  controlled. 

•  The  feedback  signal,  also  known  as  the  loop  error 
signal,  is  the  signal  which  is  a  function  of  the 
controlled  output.  The  feedback  signal  is 
algebraically  summed  with  the  reference  input  to 
obtain  the  actuating  signal. 

•  The  control  signal  is  the  quantity  or  condition 
which  the  control  elements  apply  to  the  plant. 

•  A  disturbance  is  the  undesired  influence  or 
perturbation  signal  which  affects  the  value  of 
the  controlled  output. 

The  terms  defined  above  can  be  related  to  the 
servo  system  designed  in  this  thesis.  The  plant  to  be 
controlled  is  the  angular  position  of  a  motor  shaft.  The 
control  signal  is  the  current  produced  by  a  high  power 
operational  amplifier.  The  feedback  elements  are  a  shaft 
position  encoder,  an  encoder  analog  conversion  circuit,  and 
a  preamplifier  circuit.  The  reference  input  will,  in  future 
upgrades  to  the  servo  system,  be  generated  by  computer 
though  the  use  of  a  digital-to-analog  conversion  board.  For 
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prototyping  purposes,  a  signal  generator  provided  the 
reference  input.  The  controlled  output  is  the  DC  motor 
shaft  position.  The  disturbance  is  any  undesirable  external 
perturbation  that  would  cause  the  shaft  angular  position  to 
deviate  from  the  nominal,  desired  configuration.  The 
relationships  to  the  other  defined  terms  above  are  obvious. 

b.  Brief  Review  of  Direct  Current  Motor  Theory 

A  direct  current  motor  is  described  by  Kuo  [Ref. 
4:p.  167]  as  a  "torque  transducer  that  converts  electrical 
energy  into  mechanical  energy."  The  torque  is  produced  by 
the  interaction  between  a  uniform,  radially  oriented 
magnetic  field  generated  by  a  collection  of  permanent 
magnets  and  the  current  traveling  in  the  armature  coil  wire. 

Kuo  [Ref.  4:p.  172]  states  that  it  can  be  assumed 
in  modeling  a  DC  motor  that  the  torque  developed  by  the 
motor  is  proportional  to  the  magnet -armature  air  gap 
magnetic  flux  and  armature  current.  In  order  to  achieve  a 
large  torque  from  the  motor  system,  substantial  current  must 
be  maintained  on  the  motor. 

c.  Electrical  Analysis  of  Motor  Circuit 

The  electric  current  flowing  through  the  motor 
circuit  is  subjected  to  an  impedance  comprised  of  both 
resistive  and  inductive  terms.  In  addition,  the  rotation  of 
the  armature  coil  through  the  magnetic  field  of  the 
permanent  magnets  generates  a  "back"  electromotive  force 
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(emf ) .  The  equivalent  electric  circuit  can  be  modeled  as 
shown  in  Figure  3. 


dS 


vb 


Kf 


dt 


Figure  3 

Electrical  circuit  model  of  DC  motor 

d.  Mechanical  Influences  on  System  Performance 
There  are  many  similarities  between  the 
electrical  and  mechanical  impedances  in  the  motor  circuit. 
Whereas  the  product  of  a  resistive  constant  (resistance)  and 
electron  flux  (current)  results  in  a  force  (voltage)  in  the 
electrical  sense,  the  product  of  a  friction  constant  and 
shaft  velocity  on  moving  parts  of  the  motor  system  causes  a 
force  in  the  mechanical  sense. 

In  addition,  much  like  the  reactive  load  in  the 
motor  windings  discussed  above,  the  performance  of  the  servo 
drive  system  is  influenced  by  inertial  loads  from  rotating 
masses  internal  and  external  to  the  electric  motor. 
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2.  Solution  of  Differential  Equation 

Both  electrical  and  mechanical  components  of  the 
influences  on  the  performance  on  a  DC  motor  can  be  combined 
in  a  single  differential  equation  describing  the  system 
reaction  to  a  given  force  (voltage) .  The  mathematical  model 
employed  in  deriving  the  theoretical  performance  in  the 
servo  drive  system  was  adapted  from  DiStefano,  Stubberud, 
and  Williams  [Ref.  3:  p.  107]  and  Kuo  [Ref.  4:  p.  171].  The 
following  definitions  will  be  used  throughout  this  analysis: 

i  -  Electrical  current  through  the  motor  circuit. 

L  -  Motor  inductance 

R  -  Motor  winding  electrical  resistance 

-  Proportionality  constant  applied  to  shaft 
rotational  velocity  to  derive  back  emf  voltage. 

-  Proportionality  constant  applied  to  current  in 
motor  windings  to  derive  torque  output  of  motor. 

Vj,  -  Back  EMF  resulting  from  the  rotating  armature 
Equivalent  to  K^dB/dt. 

0  -  angular  position  of  the  motor  shaft. 

T  -  torque  generated  by  motor. 

B  -  total  viscous  friction  from  all  moving  parts. 

J  -  Total  inertial  load  (motor  and  load) . 

V.  -  voltage  impressed  on  motor. 

It  is  significant  to  note  that  Kuo  includes  an 
additional  term  T^(t)  in  his  development  of  the  differential 
equations.  According  to  Kuo,  T^(t)  represents  the  torque 
that  the  motor  has  to  overcome  in  order  to  have  motion, 
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i.e.,  as  a  result  of  static  friction.  This  term  creates  a 
great  difficulty  in  formulating  a  solvable  differential 
equation,  as  it  cannot  be  considered  as  a  linear  term.  Kuo 
states  that  it  is  set  to  zero  after  presenting  the  same 
Laplace  transform  of  the  time  dependent  form  of  the 
differential  equation  that  is  offered  below.  The  term  is 
therefore  also  left  out  of  the  mathematical  model  in  this 
thesis. 

With  the  above  considerations  in  mind,  the 
differential  equations  of  the  motor  armature  circuit  and  the 
inertial  load  are 


Motor  Armature  Inertial  Load 


di 

de 

d^e  de 

Ri  +  L  —  = 

V,  -  K,  — 

dt 

and 

Kji  =  J -  +  B  —  . 

(1) 

dt 

dt^  dt 

The  Laplace  transform  of  the  two  equations  in  (1) , 
with  initial  conditions  zero,  is 

(R  +  sL)I  =  V  -  K^se  and  K^i  =  (Js^  +  Bs)e.  (2) 

A  simultaneous  solution  of  the  equations  in  (2)  to 
establish  a  transfer  function  between  V  and  6  is 

e(s) 

-  =  - ; -  .  (3) 

V(S)  (Js^  +  Bs)  (Ls+R)  +  K^K^s 
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After  rearranging  terms  in  eguation  (3),  an 
alternate  form  of  the  transfer  function  is 


e(s) 


K,/JL 


V(S)  s[s2  +  (B/J  +  R/L)s  +  ((BR+K^K^)/JL)  ] 


.  (4) 


The  next  step  in  solving  the  differential  equation 
entails  breaking  the  quadratic  term  in  the  denominator  into 
the  product  of  two  expressions.  Without  going  through  the 
algebraic  manipulations,  the  quadratic  term  can  be  replaced 
with 


BL+RJ+X'^1 

BL+RJ-X’^' 

2JL 

2JL 

where  X  =  [(BL-RJ)^  -  4 JLK^KJ  . 

At  this  point,  the  transfer  function  is  in  a  form 
that  can  be  solved  using  usual  inverse  Laplace 
transformation  methods.  To  reduce  confusion  in  the  solution 
of  the  equation,  the  following  substitutions  will  be  made. 

BL  +  RJ  [(BL-RJ)*  -  4JLK^K^]’* 

Let  A  =  -  and  C  =  -  .  (6) 

2JL  2JL 


Equation  (4)  can  therefore  be  represented  in  the 
following  form. 


e(s)  = 


\  V(s) 


s(s+A+C) (s+A-C) 
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Employing  the  method  of  partial  fraction 
decomposition,  equation  (7)  can  be  expanded  to 


e(s) 


Kt  V(s) 
JL 


X  y  z 

s  (s+A+C)  (s+A-C)  . 


(8) 


The  method  to  determine  x,  y,  and  z  is  tedious  but 
algebraically  straightforward.  The  solutions  are 


111 

X  =  -  ,  y  =  -  ,  z  =  -  .  (9) 

(A*  -  Ca)  2C(A+C)  2C(C-A) 

Combining  equations  (8)  and  (9) ,  the  transfer 
function  is  presented  in  a  form  capable  of  being  converted 
back  to  the  time  domain.  The  relationship  between  0  and  V 
is 


e(s)  = 


K,  1 

V(S) 

V(S) 

.  JL(Aa-C2)  . 

s 

.  2JLC(A+C)  . 

(s+A+C) 

K. 


2JLC(C-A) 


V(s) 

(S+A-C) 


(10) 


Inverse  Laplace  transformation  of  equation  (10)  to 
the  time  domain  is 


e(t)  = 


K. 


JL(A2-ca) 


i: 


V(T)dT  + 


K. 


2JLC(A+C) 


II 


V(t)  tte'****^’* 


ft _ ] 

:(A-C) 


L  2JLC(A-C) 


V(t) 


(11) 
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Variables  A  and  c  are  as  defined  in  equation  (6) . 

The  system  response  is  thus  found  to  be  the  sum  of  three 
terms.  One  term  involves  an  integral  over  the  time  in  which 
the  voltage  is  applied  to  the  motor,  while  the  other  two  are 
the  convolution  of  the  voltage  applied  to  the  motor  and  an 
exponential  term  describing  the  response  of  the  system.  The 
numerical  solutions  of  the  equation  given  various  stimuli 
required  the  use  of  the  commercial  equation-solving  program 
called  MathCAD. 

Equation  (11)  was  entered  into  MathCAD  version  2.0 
using  hypothetical  values  close  to  those  measured  for  the 
actual  motor  used  in  this  thesis.  The  results  of  MathCAD  can 
be  found  in  Appendix  A.  The  predefined  units  documented  at 
the  last  page  of  the  MathCAD  calculation  were  tracked  by 
MathCAD  throughout  the  calculation  to  ensure  the  correctness 
of  the  equations. 

The  convolution  of  the  applied  voltage  with  the 
system  response  terms  was  the  difficult  part  to  the  MathCAD 
setup.  However,  noting  that  the  convolution  of  two  terms  in 
the  time  domain  is  equivalent  to  the  multiplication  of  their 
Fourier  transforms  made  the  time  domain  solution  of  the 
equation  relatively  simple.  The  Fourier  transform  of  the 
terms  were  calculated  and  multiplied  by  MathCAD.  The 
inverse  Fourier  transform  was  then  taken  of  the  product. 

The  initial  results  obtained  from  this  process  did 
not,  however,  turn  out  to  be  accurate.  MathCAD  apparently 
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applies  a  multiplication  factor  equal  to  the  reciprocal 
square  root  of  the  number  of  samples  taken  in  the  Fourier 
transform.  It  apparently  multiplies  the  inverse  Fourier 
transform  by  an  identical  factor.  In  the  convolution 
calculation,  however,  two  frequency  domain  quantities  are 
multiplied  and  then  their  product  is  inverse  transformed 
back  to  the  time  domain.  The  net  effect  was  that  the 
MathCAD  output  was  improperly  scaled  by  the  factor  described 
above.  This  improper  scaling  is  evident  in  the  final 
MathCAD  calculation  of  the  second  and  third  terms  of 
equation  (11) . 

The  graph  provided  on  the  second  page  of  the  MathCAD 
printout  shows  the  motor  response  (no  feedback)  to  a  voltage 
pulse  of  arbitrary  length.  The  quadratic  shape  of  the 
response  curve  while  the  voltage  is  applied  is  typical  for 
the  acceleration  of  the  motor.  The  ringing  in  the  output  is 
apparently  the  result  of  the  motor  internal  inductance 
reacting  with  the  self-inductance  back  emf  term,  v^,. 

C.  SYSTEM  DESIGN 

1.  Motor  Selection 

A  Clifton  Precision  Model  DH-3250-C-1,  high  torque 
permanent  magnet  servo  motor  was  selected  from  the  Herbach  & 
Rademan  Company  in  Philadelphia,  Pennsylvania.  The  motor 
was  chosen  because  it  would  run  on  12  volts  direct  current, 
had  dual  shafts,  was  easily  mountable,  and  could  be  run  at 
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12  amperes  maximum  current.  The  only  documentation 
available  for  the  Clifton  Precision  servo  motor  was  the 
catalog  specification.  A  copy  of  the  catalog  specification 
is  provided  in  Appendix  B. 

2.  Power  Operational  Amplifier  Selection 

A  National  Semiconductor  Model  LM12  150  Watt 
operational  amplifier  was  chosen  to  power  the  servo  motor. 
The  operational  amplifier  was  chosen  because  it  could 
deliver  10  amperes  (bipolar)  from  a  wide  range  of  supply 
voltages.  A  specification  sheet  of  the  LM12  operational 
amplifier  can  be  found  in  Appendix  C. 

3 .  Power  Supplies 

Two  Power-One  Model  HD24-4.8-A  24  volt  DC  power 
supplies  were  chosen  to  drive  the  entire  system.  The  power 
supplies  could  each  deliver  4.8  amperes  of  current,  and  were 
available  from  the  National  Stock  System.  A  specification 
sheet  for  the  Power-One  24  volt  power  supplies  can  be  found 
in  Appendix  D. 

4.  Cage  Design 

A  sturdy  metal  cage  was  needed  to  house  the  motor 
and  to  provide  the  means  to  mount  a  shaft  position  encoder 
without  allowing  any  mechanical  flexure  between  the  motor 
and  encoder.  The  cage  design  was  set  forth  on  the  drawing 
found  in  Appendix  E.  The  material  for  the  cage  was 
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standard  shelving,  heavy-gauge  angle  sheet  steel  with  bolt 
holes  prepunched  for  easily  assembly. 

5.  Shaft  Position  Encoder 

A  Clarostat  Model  601V  opto-mechanical  shaft  encoder 
was  chosen  because  it  provided  an  inexpensive  means  to  begin 
the  design  of  the  servo  subassembly.  It  requires  only  5 
volts  DC,  and  provides  TTL  logic  output  in  quadrature  (90®  ± 
45®  ),  as  shown  in  Figure  4,  at  a  rate  of  128  pulses  per 
channel  per  revolution.  The  only  information  available  for 
the  Clarostat  shaft  encoder  is  the  catalog  specification.  A 
copy  of  the  catalog  specification  for  the  shaft  encoder  is 
found  in  Appendix  F. 

6.  Motor  -  Encoder  Coupling 

A  custom  coupling  was  designed  to  connect  the  0.5 
inch  diameter  shaft  of  the  motor  to  the  0.25  inch  shaft  of 
the  encoder.  The  coupling  material  was  chosen  to  be 
aluminum  to  minimize  inertial  effects  while  to  maximize 
torsional  strength.  Small  set  screws  were  installed  on  each 
opening  in  the  coupling  to  lock  the  shafts  into  position. 

An  engineering  design  drawing  of  the  coupling  is  found  in 
Appendix  G. 

7.  Encoder  Analog  Conversion  Board 

A  circuit  was  designed  to  take  the  encoder  digital 
signals  and  to  convert  them  to  an  analog  voltage  which 
varied  linearly  with  shaft  angular  position.  The  final 
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circuit  schematic  is  found  in  Appendix  H.  Low-power 
Schottky  TTL  logic  integrated  circuit  chips  were  used  in  the 
design. 

Square  wave  TTL  pulses  are  sent  from  the  encoder  in 
quadrature,  which  means  that  depending  on  the  direction  of 
the  rotation  of  the  encoder  shaft,  the  pulses  on  the  encoder 
channel  A  or  B  lead  or  lag  each  other  by  approximately  90? 
The  pulses  on  encoder  channel  A  (pin  2)  are  fed  to  the  clock 
input  on  the  first  74LS74  edge-triggered,  D-type  flip-flop 
(UlA) ,  the  D  input  on  the  second  edge-triggered,  D-type 
flip-flop  (UIB) ,  and  also  to  a  standard  74LS00  HAND  gate 
(U2A) .  Copies  of  the  manufacturer's  data  sheets  for  the 
74LS74  flip-flop  and  the  74LS00  HAND  gate  are  provided  in 
Appendices  I  and  J. 

In  the  same  manner,  the  pulses  on  encoder  channel  B 
(pin  4)  are  fed  to  the  clock  input  on  the  second  edge- 
triggered  D-type  flip-flop  (UIB) ,  the  D  input  on  the  first 
edge-triggered  D-type  flip-flop  (UlA) ,  and  also  to  a 
standard  NAND  gate  (U2D) . 

The  operation  of  the  f lip-f lop/NAND  gate  combination 
is  straightforward.  When  the  encoder  is  rotating  in  the 
"forward"  direction,  the  pulses  from  channel  A  lead  the 
pulses  from  channel  B  by  approximately  90?  This  causes 
flip-flop  UlA  to  latch  a  TTL  "high"  signal  on  the  Q  output. 
This  high  signal  causes  the  NAND  gate  to  allow  the  negation 
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P  Approximately  90  degrees 
lag  in  second  channel  pulses 


Figure  4 

Typical  dual  channel  encoder  signals  in  quadrature. 

of  the  pulse  train  from  encoder  pin  A  to  pass  on  to  the  up- 
down  counter,  U3.  As  the  pulse  train  from  pin  B  of  the 
encoder  fed  to  UIB  clock  input  lags  the  pulse  train  from  pin 
A  of  the  encoder  fed  to  the  D  input,  flip-flop  UIB  remains 
off,  with  a  TTL  "low"  signal  on  the  Q  output.  With  one 
input  to  the  HAND  gate  always  low,  the  output  of  the  HAND 
gate  is  always  high  (when  the  encoder  is  rotated  in  the 
forward  direction) .  The  74LS193  up/down  counter  requires 
this  high  signal  on  the  inactive  up  or  down  input  in  order 
to  count  the  active  pulsing  input.  A  copy  of  the 
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manufacturer's  data  sheet  for  the  74LS193  up/down  counter  is 
provided  in  Appendix  K. 

Each  up/down  counter  can  maintain  4  binary  signal 
outputs.  As  the  first  counter  exceeds  its  count  at  15,  it 
passes  a  carry  output  to  the  second  counter.  In  all,  the 
two  counters  can  support  a  total  count  of  256  (0  -  255) . 

The  74193  up/down  counters  are  fully  programmable,  that  is 
it  has  the  capability  of  being  preset  to  a  certain  level  on 
any  of  the  4  outputs  by  entering  that  level  on  the  data 
input  (A,B,C,D)  while  the  load  input  is  low.  That 
capability  was  utilized  in  this  design  with  5VDC  applied  to 
the  2.2K  ohm  resistor  connected  to  pin  9  of  the  second 
up/down  counter,  U4.  Thus  when  switch  SW2  is  closed,  the 
overall  count  is  programmed,  or  preset,  to  128.  The  intent 
of  this  feature  is  to  preset  the  nominal  servo  position, 
corresponding  to  128,  so  that  the  shaft  position  could  then 
be  monitored  for  a  full  turn  (128  pulses)  in  either  rotation 
direction. 

The  256  binary  counts  are  fed  to  an  8-bit  digital- 
to-analog  converter  (DAC) ,  U5.  The  DAC  connections 
conformed  to  recommendations  in  the  typical  application  on 
the  DAC0808  National  Semiconductor  data  sheet.  The  data 
sheet  is  provided  in  Appendix  L.  The  output  of  the 
conversion  board  is  a  negative  current  that  provides  the 
necessary  signal  input  to  the  first  stage  of  the  amplifier 
board . 
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Two  mlcroswitches  were  designed  into  the  circuit  for 
calibration  purposes.  The  first  switch,  SWl,  sets  the 
position  count  to  zero.  The  second  switch,  SW2,  sets  the 
position  count  to  128,  corresponding  to  the  nominal 
operating  position.  The  intent  of  switch  SWl  was  to  allow  a 
count  reset  in  which  the  minimal  voltage  could  be 
established  easily  during  the  development  of  the  system.  It 
serves  no  formal  purpose  in  the  finished  product.  Switch 
SW2  is  more  important  in  that  system  setup  and  calibration 
require  the  nominal  position  to  correspond  to  the  preferred 
'•zero”  shaft  position.  With  the  motor  turned  off  (switch 
SW3) ,  the  null  offsets  (RIO  and  R15)  can  be  fine  tuned. 

After  this  initial  set  up,  no  additional  tuning  is 
necessary . 

8.  Amplifier  Board 

A  series  of  operational  amplifiers  boost  the  voltage 
of  the  position  signal  to  provide  the  necessary  negative 
feedback  to  the  motor  to  servo  it  into  position.  The  total 
signal  from  the  encoder  circuit  is  input  to  the  amplifier 
circuit  having  a  voltage  range  of  approximately  -10  to  0 
volts  DC  (measured  across  the  2.2K  ohm  resistor  R12  on  the 
feedback  amplifier  circuit  schematic  (Appendix  M) ,  depending 
on  the  shaft  position.  A  null  offset  is  applied  at  the 
input  so  that  the  input  signal  reads  zero  volts  at  the 
nominal  shaft  position.  This  signal  varies  up  or  down  on 
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either  side  of  zero  volts  as  the  shaft  rotates  clockwise  or 
counterclockwise . 

Two  liM324  quad  operational  amplifier  ICs  were  used 
in  the  final  design  of  the  amplifier  circuit  for  simplicity 
and  board  space  limitation  reasons.  A  copy  of  a 
representative  manufacturer's  data  sheet  is  provided  in 
Appendix  N. 

The  values  of  the  feedback  resistors  which  determine 
the  amount  of  gain  from  each  amplifier  were  chosen  fairly 
arbitrary;  however,  a  few  constraints  had  to  be  considered. 
First,  the  input  resistor  to  each  amplifier  stage  had  to  be 
fairly  small,  in  the  1000  ohm  range,  so  as  to  be  much  less 
than  the  input  impedance  of  the  operational  amplifier. 
Secondly,  the  gain  of  each  amplifier  stage  had  to  be  fairly 
small,  on  the  order  of  20  or  30,  so  that  the  null  offset  of 
the  encoder  "zero"  position  could  easily  be  adjusted.  In 
addition,  with  smaller  increments  of  gain  in  each  amplifier 
stage,  the  overall  circuit  performance  seemed  to  be  more 
stable  than  with  a  single  large  gain  amplifier.  Fine 
adjustments  to  the  circuit's  overall  feedback  gain  were 
possible  using  standard  grade  potentiometers.  Lastly,  with 
several  amplifier  stages,  convenient  voltage  summing  points 
were  available  in  the  circuit  during  the  prototype 
development. 

The  signal  is  boosted  to  the  level  in  which  a  shaft 
rotation  from  the  nominal  position  of  ±l  count  on  the 
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encoder  circuit  causes  (approximately)  a  ±5  volt  signal  to 
be  applied  to  the  motor  power  amplifier.  Likewise,  a  shaft 
rotation  of  ±2  counts  in  either  direction  results  in  a  ±10 
volt  signal  at  the  input  to  the  motor  power  amplifier.  The 
signal  is  designed  to  saturate  for  three  counts  in  either 
direction  at  approximately  ±15  volts.  A  "potential  well"  is 
therefore  created  that  maintains  a  stable  preferred 
position.  The  selection  of  the  voltage  levels  mentioned 
above  was  a  significant  portion  of  the  system  development 
and  is  discussed  in  greater  detail  in  the  System  Testing 
chapter . 

A  separate  set  of  operational  amplifiers  serve  as  a 
high-pass  Butterworth-type  filter  to  boost  the  higher 
frequencies  of  the  incoming  position  feedback  signal  to 
enhance  the  servo  system's  response  at  higher  frequencies. 
Further  discussion  of  the  high  frequency  requirements  for 
this  system  can  be  found  in  the  System  Testing  chapter. 

9.  Motor  Driver  Power  Operational  Amplifier 

The  amplified  encoder  feedback  signal  is  sent  to  the 
National  Semiconductor  LiM12  150  Watt  power  operational 
amplifier  circuit.  The  schematic  of  the  motor  power 
amplifier  circuit  is  provided  in  Appendix  O.  The  IiM12  was 
selected  because  of  several  desirable  features.  According 
to  its  catalog  specification  sheet,  provided  in  Appendix  C, 
the  IjM12  is  capable  of  delivering  ±10  amps  output  current  at 
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any  output  voltage,  while  being  completely  protected  against 
overloads,  including  short  circuits  to  the  power  supplies. 
These  features  made  the  IjM12  ideally  suited  to  the  expected 
demands  of  a  high  torque  servo  motor. 

Although  the  I1MI2  has  internal  overheating 
protection,  a  heat  sink  was  selected  so  that  the  power  amp 
could  operated  continuously  high  load  with  minimal 
degradation  in  performance  due  to  internal  heat  generation. 

A  large,  extruded  aluminum,  black  anodized  heat  sink 
designed  for  a  3  pin  TO-3  integrated  circuit  package  was 
modified  to  allow  sufficient  clearance  for  the  unusual  4  pin 
configuration  of  the  IjM12. 

The  basic  design  of  the  LM12  circuit  is  that  of  a 
voltage  follower.  According  to  Rutkowski  tR®f  5,  p.  54],  an 
operational  amplifier  configured  as  a  voltage  follower 
provides  the  circuit  both  an  extremely  large  input 
resistance  while  being  fully  capable  of  driving  a  low 
resistance  load. 

The  catalog  specification  sheet  for  the  LH12 
recommended  that  the  voltage  supply  leads  to  the  operational 
amplifier  be  by-passed  with  low- inductance  capacitors 
having  short  leads  and  located  close  to  the  LM12  package 
terminals  to  avoid  spurious  oscillation  problems.  The 
catalog  specification  claimed  that  the  LM12  is  stable  with 
"good-quality”  electrolytic  bypass  capacitors  greater  than 
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20  mF.  a  convenient  value  of  47  fiF  was  selected  for  this 
application. 

Due  to  the  highly  inductive  load  that  the  servo 
motor  places  on  the  LM12,  output  clamp  diodes  were  installed 
between  the  liM12  output  and  the  voltage  supplies  to  the 
LM12.  According  to  the  LM12  catalog  specification,  the 
stored  energy  in  the  load  inductance  can  drive  the  output 
voltage  outside  the  supply  voltages.  The  specification 
states  that,  although  the  LM12  has  internal  clamp  diodes, 
extreme  conditions  can  cause  destruction  of  the  IC.  The 
specification  explains  that  National  Semiconductor's 
experience  with  the  LM12  is  that  random  failures  will  occur 
if  the  output  to  the  LM12  is  hard-wire  shorted  when  external 
clamp  diodes  are  not  used  and  the  supply  voltages  are  above 
±20  volts.  As  the  LM12  is  intended  to  be  operated  at 
voltages  of  ±24  VDC,  the  clamp  diodes  are  very  necessary. 
Large  diodes  of  type  IN5408  were  chosen  for  this  purpose. 

In  the  voltage  follower  configuration  used  in  this 
thesis  project,  the  op  amp  is  highly  susceptible  to  low 
amplitude  oscillation.  The  oscillation,  according  to 
Horowitz  and  Hill  [Ref.  7,  p.  245],  occurs  when  the  open- 
loop  phase  shift  reaches  180**  at  some  frequency  at  which  the 
gain  is  greater  than  one.  At  that  frequency,  negative 
feedback  becomes  positive  feedback.  This  situation  provides 
the  necessary  condition  for  oscillation. 
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To  reduce  the  possibility  of  oscillation  in  an 
uncompensated  op  amp  such  as  the  LM12,  the  manufacturer  and 
Horowitz  and  Hill  [Ref.  7,  p.  245]  recommend  unity-gain 
frequency  compensation.  By  utilizing  the  R-C  combination 
proposed  by  the  manufacturer  to  reduce  feedback  at  higher 
frequencies,  the  LM12  was  stabilized. 

Further  discussion  regarding  feedback  oscillation  in 
the  1jM12  can  be  found  in  the  electronics  prototyping 
subsection  under  the  System  Assembly  section. 

All  wiring  to  the  motor  that  would  be  expected  to 
carry  loads  over  1  amp  was  at  least  14  gauge  in  thickness  to 
minimize  voltage  losses  due  to  wire  resistance. 

10.  Voltage  Regulator  circuit 

A  final  addition  was  made  to  the  amplifier  circuit 
described  above  in  order  to  provide  for  conversion  of  the 
±24  VDC  input  voltage  to  the  +5  VDC  and  ±15  VDC  needed  by 
the  operational  amplifiers,  and  encoder  DAC  circuit  and  the 
encoder  itself.  Three  IC  chips  were  selected  to  perform 
this  task.  The  LM7805,  LM7815,  and  LM7915  chips  were  chosen 
because  of  their  availability.  Capacitors  were  placed  on 
the  output  of  each  convertor  to  ensure  a  filtered  voltage 
output,  as  was  recommended  by  the  individual  manufacturers' 
data  sheets. 

Copies  of  the  LM7800  and  LM7900  series  voltage 
regulator  data  sheets  are  provided  in  Appendices  P  and  Q. 
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D.  SYSTEM  ASSEMBLY 


1.  Motor  -  Encoder  Cage  Assembly 

A  sturdy  metal  cage  was  assembled  following  the 
design  in  Appendix  E,  using  heavy  duty  shelving  braces.  The 
angular  braces  were  bolted  together  using  one  inch  long, 
5/16"  course-threaded  bolts  with  lock  washers  and  nuts.  Two 
strong  bars  were  mounted  horizontally  on  the  front  of  the 
cage  spaced  at  a  distance  sufficient  for  the  motor  shaft 
clearance.  Two  brackets  were  installed  within  the  cage 
approximately  6  inches  from  the  front  of  the  cage  to  provide 
locations  to  bolt  the  encoder  mounting  bar. 

The  finished  cage  assembly  was  mounted  to  a  one  inch 
thick  piece  of  plywood  to  provide  additional  vibration 
resistance. 

A  photograph  of  the  completed  cage  -  plywood  base 
assembly  is  provided  in  Figure  5. 

2.  Motor  -  Encoder  Mounting 

The  next  step  in  the  assembly  process  was  to  mount 
the  DC  motor  and  shaft  position  encoder  in  the  cage.  Four 
holes  were  drilled  in  the  1  1/2"  wide  mounting  bars  on  the 
front  of  the  cage  in  locations  corresponding  the  hole 
pattern  on  the  front  of  the  motor.  Four  1/2"  long  8/32 
stainless  screws  were  installed  to  secure  the  motor  to  the 
mounting  bars.  The  mount  was  considered  sufficiently  sturdy 
that  rear  mounting  bars  were  not  used. 


33 


Figure  5 

Photograph  of  cage  Assembly  and  Plywood  Base 
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An  aluminum  motor-encoder  coupling  was  mounted  onto 
the  rear  1/2"  diameter  shaft.  A  photograph  of  the  finished 
coupling  is  provided  in  Figure  6.  The  coupling  was  secured 
to  the  motor  shaft  using  a  6/32  set  screw.  A  9/16"  hole  was 
drilled  in  a  6"  long,  1  1/2"  wide  horizontal  bar  to 
accommodate  the  encoder  mounting  shaft.  Two  3/8"  holes  were 
drilled  at  opposite  ends  of  the  bar  to  mount  to  the  brackets 
within  the  cage. 

A  simple  procedure  was  followed  to  avoid  preloading 
stresses  on  the  encoder  shaft.  During  early  tests  the 
preloading  stresses  were  found  to  cause  a  great  deal  of 
rotational  friction.  The  encoder  was  loosely  inserted  into 
the  motor-encoder  coupling  and  all  mounting  bar  bolts  were 
first  tightened.  Next,  the  encoder  shaft  nut  was  tightened. 
Finally,  before  tightening  the  encoder  shaft  set  screw,  the 
coupling  alignment  was  rechecked  by  rotating  the  motor  shaft 
while  ensuring  that  the  encoder  shaft  did  not  rotate. 

A  photograph  of  the  motor  and  encoder  mounted  in  the 
cage  is  provided  in  Figure  7. 

3.  Assembly  of  Power  Operational  Amplifier. 

After  modifying  the  aluminum  heat  sink  mounting  hole 
pattern  to  accommodate  a  4  pin  TO-3  IC  package,  the  LM12 
power  amplifier  was  installed  in  the  aluminum  heat  sink 
using  two  3/8"  long  6/32  screws.  A  thermally  conductive 
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Figure  7 

Photograph  of  Motor  and  Encodar  Mountad  in  Caga 
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heat  sink  compound  was  used  to  ensure  good  thermal  contact 
between  the  IC  package  and  the  heat  sink. 

It  is  important  to  note  that  the  case  of  the  LM12  is 
the  negative  voltage  supply  input.  The  heat  sink  is,  in  all 
likelihood,  at  a  potential  of  -24  VDC  when  the  system  is 
powered  up.  This  was  not  a  problem  during  the  prototype 
testing  because  the  heat  sink  was  mounted  to  a  plywood  base. 
If  it  is  to  be  in  electrical  contact  with  ground  or  any 
other  component  in  a  future  design,  a  thermally  conductive, 
electrically  insulating  washer  such  as  mica  or  anodized 
alvuainum  should  be  installed  between  the  IC  and  the  heat 
sink  and  some  thermal  compound  should  be  placed  on  both 
faces  of  the  washer. 

A  photograph  of  the  IiM12  power  operational  amplifier 
mounted  on  the  heat  sink  is  provided  in  Figure  8. 

4 .  Electronics  Prototyping 

a.  Encoder  Analog  Conversion  Circuit 
The  encoder  analog  conversion  circuit  was  first 
assembled  on  a  Global  Specialties  Protoboard  Model  PB-503 . 

A  photograph  of  the  protoboard  is  provided  in  Figure  9.  The 
protoboard  was  ideal  as  it  provided  the  +5VDC,  ±15VDC  and  a 
common  ground  point  needed  for  the  ICs  and  encoder  described 
in  the  System  Design  section  C.7.  The  protoboard  also 
provided  an  excellent  reference  signal  in  the  form  of  either 
a  square,  triangle  or  sinusoidal  waveform. 
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Figure  8 

Photograph  of  Ull2  Op  hap  and  Boat  Sink  Aasaably 
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rigur*  9 

Global  Spaeialtias  Protoboard  Modal  PB-503 


40 


The  prototyping  of  the  encoder  analog  converter  was 
very  successful  in  that  the  early  design  produced  a  uniform, 
linear,  digital-to-analog  converter  output  as  was  needed. 

One  point  worthy  of  note  concerns  the  DAC  positive 
reference  current,  According  to  the  manufacturer's 

data  sheets  for  the  DAC0808  Digital -to-Analog  converter,  the 
maximum  current  to  be  applied  on  pin  14  is  5  mA. 
Unpredictable  output  from  the  DAC  resulted  from  accidently 
exceeding  the  current  limit  during  prototype  testing. 

Care  must  be  taken  in  ensuring  the  resistor  value  between 
pin  14  of  the  DAC  and  +15  VDC  is  greater  than  3000  ohms.  A 
resistance  of  6.2K  ohms  was  determined  to  provide 
satisfactory  stability  over  the  full  range  of  voltage  output 
by  the  DAC. 

Jb.  Feedback  Amplifier  Circuit 

After  the  prototype  encoder  circuit  was 
transferred  to  a  hardwired  circuit  card,  an  amplifier 
circuit  was  prototyped  on  the  same  protoboard  mentioned 
above.  The  amplifier  circuit  initially  employed  several 
IiM301  high  gain  operational  amplifiers.  They  were  used 
because  of  their  easy  availability  and  simple  design.  A 
copy  of  the  LM301  manufacturer's  data  sheet  is  provided  in 
Appendix  R. 

The  prototyping  of  the  amplifier  circuit  was  very 
difficult  because  of  the  author's  lack  of  familiarity  with 
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the  operation  of  the  LM301  op  amps.  Several  unsuccessful 
designs  were  attempted.  After  many  instructional  meetings 
with  the  thesis  advisor,  a  successful  combination  of 
inverting  operational  amplifiers  tied  together  in  series  was 
found  experimentally  to  address  these  problems.  An 
approximate  total  gain  for  the  feedback  amplifier  section 
was  determined  early  in  this  phase  of  the  circuit  design. 

The  difficult  issues  were  how  to  provide  for  summing  points 
for  the  amplified  feedback  signal  and  the  reference  input, 
such  that  they  would  not  interfere  with  each  other.  This 
was  dealt  with  during  prototyping  by  providing  an  input 
preamplifier  stage  to  the  feedback  and  reference  signals 
before  the  two  were  summed.  The  feedback  preamplifier  stage 
had  a  gain  of  20,  while  the  reference  signal  input  reguired 
unity  gain. 

The  LM301  operational  amplifiers  were  eliminated 
from  the  final  design  because  they  reguired  too  much  board 
space  and  were  not  internally  compensated  for  freguency 
response.  As  the  system  was  not  expected  to  be  run  at  very 
high  frequencies,  circuitry  with  adjustable  frequency 
compensation  was  deemed  unnecessary.  In  addition,  during 
several  instances  in  prototyping,  the  LM301  operational 
amplifier  stages  would  apparently  interact,  lose  stability 
and  go  into  high  frequency  oscillation. 

To  simplify  the  amplifier  design  by  reducing 
components,  the  four  LMlOl  Operational  Amplifiers  needed  at 
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the  time  were  replaced  by  a  single  LM324  quad  op  amp  that 
had  the  same  high  gain  characteristics  of  the  LMSOl  but 
included  internal  frequency  compensation.  This  meant  a 
minimal  number  of  external  components  were  necessary  to 
support  the  IC.  The  LM324  was  also  found  to  provide  a  much 
more  stable  signal  at  high  gain  than  did  the  series  of  IiM301 
ICs. 

Adjustable  input  voltage  offsets  (potentiometer) 
were  added  to  particular  operational  amplifiers  to  calibrate 
the  zero  position  of  the  encoder.  After  a  successful  test  of 
the  feedback  amplifier  was  achieved,  the  author  considered 
ways  to  improve  the  feedback  signal  by  stabilizing  it  very 
large  gain. 

During  prototype  tests  with  the  LM301  op  amps, 
however,  the  author  found  that  at  large  preamplifier  gains, 
the  motor  position  would  be  unstable  and  the  motor  would 
vibrate  at  what  appeared  to  be  a  natural  resonant  frequency 
of  about  25  Hz.  Several  attempts  were  made  to  design 
circuitry  to  eliminate  motor  vibration  at  these  upper  gain 
levels.  The  first  attempt  was  to  insert  a  low  pass  filter 
inline  with  the  preamplifier  stages  to  suppress  gain  at 
frequencies  above  approximately  25  Hz.  A  standard  design 
was  adapted  from  Jung  [Ref.  6,  p.  498].  A  copy  of  the  low 
pass  filter  schematic  and  component  values  are  provided  in 
Appendix  S. 
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The  low  pass  filter  was  not  successful  in 
eliminating  the  vibration.  The  system  response  was 
decreased  (no  higher  frequency  response  components) ,  and  the 
oscillations  both  grew  larger  in  amplitude  and  shifted  to 
lower  frequencies. 

A  band-elimination  filter  to  eliminate  the  20-30 
Hz  range  was  considered  briefly,  but  it  was  not  actually 
implemented.  It  was  felt  that,  if  a  25  Hz  excitation  was 
placed  on  the  servo  system,  it  would  not  respond. 

Therefore,  the  design  seemed  unacceptable  in  this  form  and 
was  not  tested  further. 

A  final  effort  at  eliminating  the  oscillation  was 
made  with  a  differentiator  circuit  placed  in  a  negative 
feedback  arrangement  in  the  preamplifier  stages.  The  idea 
was  to  use  the  differentiator  as  a  type  of  electronic 
"friction”,  as  it  would  perform  a  differentiation  of  the 
voltage  in  the  feedback  loop.  Differentiating  the  voltage 
analog  of  the  system's  "acceleration"  produces  a  voltage 
analog  of  "velocity".  As  frictional  torque  is  a  velocity- 
dependent  concept,  it  was  felt  that  introduction  of 

artificial  friction  into  the  system  could  cut  down  the  Q  of  ♦ 

the  oscillation,  thereby  stabilizing  the  response. 

The  attempt  at  a  useful  differentiator  circuit  is 
shown  in  Appendix  T.  The  circuit  design  was  adapted  from 
Jung  [Ref.  6,  p.  365].  This  circuit  proved  to  be 
unsuccessful  because  of  the  discrete  nature  of  the  encoder 
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output.  Each  step  in  the  encoder  output  resembles  an 
infinite  acceleration,  and  thus  tends  to  drive  the 
differentiator  circuit  into  producing  a  delta  function-type 
spike  at  its  output. 

After  several  unsuccessful  attempts  with  the 
different  feedback  filter  configurations,  the  LM324  Op  Amps 
were  introduced  as  mentioned  above,  which  stabilized  the 
feedback  considerably.  At  this  point,  it  was  the  author's 
judgement  that  boosting  the  high  frequency  components  of  the 
feedback  signal  would  help  better  stabilize  the  motor  as 
well  as  increase  the  overall  system  response. 

A  100  Hz,  two  pole  Butterworth  high-pass  filter 
design,  adapted  from  Horowitz  and  Hill  [Ref.  7,  p.  274],  was 
placed  in  the  preamplifier  stages.  The  high-pass  signal  was 
amplified  and  summed  with  the  feedback  signal  at  the  point 
where  it  is  fed  to  the  motor  power  amplifier.  This 
arrangement  not  only  boosted  the  frequency  response  of  the 
system  to  broad-band  inputs  such  as  square  waves,  but  also 
served  to  stabilize  the  feedback  loop. 

c.  Motor  Potfer  Amplifier  Circuit 

The  author's  original  thoughts  in  the  prototyping 
design  of  the  LM12  power  amplifier  were  to  configure  the  IC 
in  a  high  gain  configuration,  thus  reducing  the  need  for  a 
complex  system  of  preamplifiers.  Many  unsuccessful  attempts 
were  made  to  vary  the  feedback  values  to  produce  a  stable 
motor  drive  signal.  In  every  instance  the  LM12  output 
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suffered  from  high  frequency,  low-amplitude  oscillations  and 
instability.  Reconfiguring  the  LM12  as  a  voltage  follower 
with  input  compensation  eliminated  the  problem.  As  part  of 
the  original  prototype  input  compensation,  a  5K  ohm  resistor 
was  placed  in  parallel  with  a  200pf  capacitor  at  the  input 
to  the  LM12.  During  later  system  tests,  the  author  found 
that  removing  the  resistor/capacitor  combination  on  the 
input  boosted  the  gain  of  the  system,  while  the  output 
remained  free  of  oscillation. 

The  early  prototype  design  of  the  LM12  power 
operational  amplifier  circuit  included  a  5  ohm  resistor  and 
a  4/x  henry  inductor  combination  in  series  with  the  motor 
load.  The  manufacturer's  data  sheet  for  the  LM12 
recommended  inclusion  of  these  components  to  improve  the 
amplifier's  performance  when  driving  highly  reactive  loads. 
During  system  tests  the  resistor  value  was  repeatedly 
reduced  by  trial-and-error,  and  system  performance  improved 
with  no  side  effects.  During  most  of  the  prototype  testing 
period,  a  1  ohm  high  wattage  output  resistance  was  used. 

This  resistance  approximately  halved  the  power  delivered  to 
the  motor.  Once  final  trimming  of  the  amplifier's  response 
was  completed,  the  resistor/ inductor  combination  was 
removed.  The  motor  shaft  torque  dramatically  increased  as 
all  of  the  circuit  power  was  then  available  to  the  motor. 
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5 .  System  Hardwiring 

a.  Circuit  Boards 

Following  the  prototype  testing  of  the  encoder 
analog  conversion  and  amplifier  circuits,  a  more  permanent 
version  of  each  circuit  was  assembled  on  a  soldered  circuit 
board.  The  operation  of  the  completed  boards  was 
functionally  identical  to  the  circuits  assembled  on  the 
protoboards.  Screw  lug  terminals  were  attached  to  wires 
leading  to  and  from  the  circuit  boards  to  ease  in 
maintenance.  Pin-to-pin  connections  between  ICs  were  done 
using  above-board  wire  jumpers  that  were  soldered  on  the 
under  side  of  the  board.  The  ICs  were  fixed  to  the  board 
using  appropriately  sized  solder less  IC  sockets. 

Photographs  of  the  encoder  analog  conversion  and  amplifier 
circuit  cards  are  provided  in  Figures  10  and  11. 

After  assembly,  the  circuit  cards  were  mounted  to 
the  system  plywood  base  using  round  head  wood  screws  and 
aluminum  standoffs.  Lastly,  the  wires  leading  to  and  from 
the  circuit  cards  were  attached  to  terminal  blocks  also 
mounted  on  the  plywood  base. 

Drawings  of  the  component  locations  on  each  of 
the  encoder  DAC  and  feedback  amplifier  circuit  cards  are 
provided  in  Appendices  U  and  V.  All  components  which  could 
require  adjustment  are  identified  as  is  the  input/output 
wiring  of  the  circuit  cards. 
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Figur*  11 

Photograpb  of  Amplifior  circuit  Card. 
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b.  Motor  Power  Amplifier  Circuit 

The  LM12  power  operational  amplifier  and  heat 
sink  assembly  discussed  in  the  System  Assembly  section  of 
this  thesis  was  mounted  to  the  plywood  base.  The  IiM12  pins 
on  the  underside  of  the  heat  sink  were  connected  to  a  screw- 
type  terminal  block  with  14  gauge  wire.  The  additional 
circuitry  comprised  of  output  clamp  diodes,  supply  voltage 
capacitors,  and  input  compensation  were  mounted  on  the 
terminal  block  for  accessibility.  In  a  more  permanent 
system,  these  components  should  be  mounted  as  close  as 
possible  to  the  pins  of  the  IiM12  to  further  eliminate 
spurious  oscillation  problems. 

c.  Completed  System  Configuration 

A  photograph  of  the  completed  servo  motor  system 
is  provided  in  Figure  12.  The  reference  signal  input  was 
mounted  in  the  front  to  the  left  of  the  motor-encoder  cage 
with  a  BNC  input  connection.  Supply  voltage  is  routed  to  a 
terminal  block  mounted  toward  the  rear. 

E.  SYSTEM  TESTING 

1.  Preliminary  Prototyping  Setup  Testing 
a.  Shaft  position/ feedback  signal  levels 

The  key  to  the  performance  and  stability  of  the 
servo  system  was  essentially  the  determination  of  the  degree 
of  feedback  that  corresponded  to  an  incremental  deviation  in 
shaft  position  that  registered  as  a  change  in  the  encoder's 
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Figure  12 

Photograph  of  Completed  Motor  servo  Systea 


51 


m* 


least  significant  bit  (LSB) .  Through  tests  during  the 
prototype  development,  the  author  found  that  the  optimum 
setting  of  the  feedback  signal  from  the  amplifier  circuit  to 
the  motor  power  amplifier  was  ±5  volts  for  such  a  LSB  change 
of  the  shaft  encoder  output  (saturating  at  ±15  VDC) .  Any 
more  amplification  of  the  feedback  signal  would  cause  the 
system  to  behave  like  an  undamped  oscillator.  In  that 
configuration,  the  system  would  be  metastable  and  break  into 
oscillation  at  the  slightest  disturbance  from  its  initial 
equilibrium  state.  The  ±  5  VDC  steps  provided  a  sort  of 
"potential  well"  where  the  motor  could  quickly  and  safely 
stabilize  at  its  nominal  position. 

The  test  conducted  to  make  the  determination 
described  above  was  fairly  simple  in  nature.  The  voltage 
level  of  the  feedback  signal  being  fed  to  the  motor  power 
amplifier  was  monitored  on  a  Tektronix  Model  2336,  100  MHz 
oscilloscope  like  that  shown  in  Figure  13. 

A  ±5  volt  square  wave  signal  was  fed  to  the 
reference  signal  input  port.  While  the  motor  was  responding 
to  the  reference  signal,  the  gain  on  the  final  stage  of  the 
amplifier  circuit  was  increased  by  adjusting  the  board- 
mounted  potentiometer.  Once  the  system  lost  stability  due 
to  the  increased  gain,  the  potentiometer  resistance  was 
slightly  reduced  to  the  point  where  the  response  was 
consistently  stable. 
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Figure  13 

Photograph  of  Talctronix  Modal  2336  Oscilloscope 
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To  determine  the  feedback  voltage  levels,  the 


reference  signal  was  removed.  The  motor  was  disabled  with  a 
switch  in  the  wire  between  the  motor's  negative  terminal  and 
ground.  The  motor  was  turned  by  hand  in  order  to  vary  its 
position  by  only  a  few  positional  bits  in  each  direction 
while  watching  the  voltage  of  the  feedback  signal  on  the 
oscilloscope.  Thus  the  feedback  voltage  levels  were  noted. 

Three  conditions  of  gain  versus  system  stability 
were  measured  and  are  presented  graphically  in  Figure  14  to 
illustrate  their  relationship  in  the  servo  system.  The 
first  (top)  line  in  the  graph  represents  the  gain  which  the 
system  is  metastable ,  i . e . ,  any  perturbation  would  set  the 
motor  into  oscillation.  The  second  line  is  the  optimal  gain 
condition  at  which  the  system  has  maximum  torque  and 
consistent  stability.  The  third  line  represents  the  gain 
value  at  which  the  system  response  is  significantly 
diminished.  Due  to  the  digital  shaft  encoder,  the  graph 
displays  the  discrete  values  of  feedback  gain  versus 
rotational  deviation. 

Potential  wells  analogous  to  that  of  a  damped 
harmonic  oscillator  are  superimposed  in  dashed  lines  on  the 
graph  in  Figure  14  to  provide  a  correlation  to  the  discrete 
system  response.  A  steeper  slope  (high  gain)  corresponds  to 
an  underdamped  motion;  which,  in  the  case  of  the  servo 
system,  results  in  metastable  behavior.  Slightly  below  the 
system's  metastable  gain  region  is  the  optimal  operating 
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Systen  Stability  Graph 


Rotational  Deviation  (Bits) 

-0-  Hetastable  1  OptMally  Stable  Unresponsive 

Dashed  lines  represent  the 
underdamped ,  critically 
damped,  and  overdamped  analogs 
of  the  simple  harmonic  oscillator 
with  respect  to  the  discrete 
potential  wells  plotted. 


Figura  14 

Graph  of  Systam  stability  vs.  Gain 
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condition.  This  is  analogous  to  a  critically  damped 
harmonic  oscillator.  Further  reduction  of  the  system  gain 
in  turn  diminishes  the  system  response  and  the  behavior 
becomes  sloppy.  This  correlates  to  the  overdamped  motion  of 
the  harmonic  oscillator. 

2.  Motor  Speed  Test 

A  motor  speed  test  was  conducted  to  ascertain  a 
baseline  performance  measure  of  the  system.  A  low  frequency 
(5  Hz)  square  wave  at  approximately  2  volts  peak-to-peak  was 
used  as  the  reference  signal.  The  system  response  signal 
was  taken  from  the  output  of  the  first  stage  of  the 
eunplifier  circuit  so  that  the  response  was  adequately 
buffered  by  the  amplifier  stage. 

The  photograph  of  the  oscilloscope  trace  (Figure  15) 
provides  clear  evidence  of  the  superior  speed  and  tracking 
ability  of  the  feedback  system.  The  dots  in  the  system 
position  response  trace  are  the  result  of  the  discrete 
voltage  output  of  the  D-A  converter  in  the  Encoder  Analog 
Conversion  circuit.  As  128  pulses  are  generated  by  the 
encoder  per  shaft  revolution,  each  dot  in  the  trace 
represents  360®  /128,  or  approximately  2.8?  of  shaft 
movement.  Counting  the  dots  reveals  that  36.4®  of  shaft 
movement  occurred  in  20  milliseconds.  It  is  also  noted  that 
the  shaft  was  locked  into  position  within  40  milliseconds  of 
arriving  at  the  1/e  rise  time  position.  Therefore,  it  is 
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Figure  15 

Servo  Motor  Speed  Test  -  Oscilloscope  Trace 


safe  to  assume  that  the  system  response  time  constant  falls 
in  the  20  -  40  millisecond  range,  corresponding  to  a 
frequency  bandwidth  of  25  -  50  hertz. 

3.  Motor  Torque  Test 

A  test  was  conducted  to  determine  the  torque 
capability  of  the  system  under  a  static  load.  A  torque  test 
bar  was  designed  as  shown  in  Appendix  W.  A  photograph  of 
the  test  being  conducted  is  provided  in  Figure  16.  The 
motor  supported  a  250  gram  load  at  a  right  angle  to  a  moment 
arm  of  10.0  cm  for  approximately  30  seconds.  The  torque  of 
the  system  was  therefore  calculated  to  be  0.245  N-m.  The 
power  amplifier  and  heat  sink  were  extremely  hot  after  the 
test,  but  the  system  performance  did  not  deteriorate. 
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Figure  16 

Photograph  of  Torgua  Tost  Batup 
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IV.  SUGGESTIONS  FOR  FURTHER  RESEARCH  AND  SYSTEM  ENHANCEMENTS 


The  system  fabricated  under  this  thesis  works  superbly 
as  designed.  However,  positioning  the  orthogonal  function 
image  mask  to  the  resolution  needed  for  the  imaging  system 
proposed  by  Davis  will  require  a  shaft  position  encoder  with 
at  least  100  times  finer  resolution. 

Referring  again  to  Figure  14,  the  discrete  nature  of  the 
position  encoder  used  in  this  thesis  project  would  force  the 
system  to  be  metast'.Me  at  gain  levels  much  lower  than  that 
possible  with  an  analog  feedback  system.  The  system  behaves 
much  like  a  marble  in  a  box.  The  position  of  the  marble  in 
the  box  is  difficult  to  stabilize  if  the  box  is  disturbed. 
However,  a  marble  placed  in  a  smooth  bowl  and  disturbed  will 
inevitably  return  to  the  nominal  (center)  position.  With 
proper  damping,  the  marble  will  quickly  settle  on  the 
nominal  position. 

To  make  the  system  behave  in  a  similarly  smooth  manner 
as  the  marble  in  a  bowl  described  above,  an  encoding  scheme 
is  under  development  in  another  thesis  study  to  employ  a 
phase-locked  loop  analog  feedback  system  instead  of  the 
simple  digital  version  employed  in  this  thesis  project. 

With  the  analog  feedback,  much  greater  system  sensitivity 
will  be  possible.  Likewise,  it  should  be  possible  to 
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increase  overall  system  gain  once  the  transients  associated 
with  the  current  low  resolution  encoder  are  eliminated. 

Future  feedback  system  enhancements  planned  by  Davis, 
such  as  using  the  differentiator  feedback  circuit  to  induce 
the  artificial  friction  mentioned  in  section  D.4.b.,  will 
also  help  stabilize  the  circuit  at  much  larger  feedback  gain 
levels. 
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V.  CONCLUSIOMS 


The  development  of  a  baseline,  highly  capable  and 
upgradeable  servo  system  for  an  imaging  spectrometer  system 
was  successful.  This  thesis  offers  incontestable  proof  of 
the  power,  stability  and  precision  of  the  servo  system  while 
utilizing  a  digital  shaft  encoder  only  accurate  to  ±1.5? 

The  exercise  of  developing  a  theoretical  mathematical  model 
of  the  system  response  proved  extremely  useful  in 
understanding  the  system's  actual  behavior  when  reacting  to 
a  pulse-type  voltage  stimulus. 

The  work  on  this  servo  system,  however,  is  far  from 
complete.  Following  the  development  of  an  analog  phase- 
locked  loop  system,  the  system  will  enjoy  much  higher  gain 
in  the  feedback  signal  while  maintaining  excellent 
stability. 
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APPEHDZX  X 


CALCULATION  OF  MOTOR  RESPONSE  TO  PULSE  WAVE 


L 

B 


.005  H 

.  1  N'  itt'  sec 


Define  Veriebles 
2 

J  :*  .5  kg  m 


R  ;e  1  a 


sec 

K  :=  20  N  IB - 

f  coul 

K  :=  .05  N  m  ^^ 
t  coul 


Derive  Constants 


A  :  = 

mm 
LL 


B  L  +  R  J 
2  J  L 

!  =  8  Ampl 
mm 

!=  2 


(B  L  -  R  J)  -  4  J  L  K  K 

t  f 


C  :  = 

10-  VOLT 


2  J  L 


-1 


100.1  time 


-1 


C  *  97.878  time 


Define  Convolution  Terms 

q  :=  0  .  .  (LL  -  1)  V(t)  -.=  ifCit’i  <  . 5, Ampl. 0  VOLT) 


Note  q  is  time  variable 
sec 

-(A+C)  q - 

LL 

G1  ;«  e 


q 


G2 


q 


sec 

-<A-C)  q - 

LL 

e 


VV 


q 


V 


.LL, 


Derive  Fourier  Transform  of  Convolution  Terms 

ddl  :*  cfft(Gl)  dd2  s=  cfft<G2)  f  :=  efft  (VV) 


Multiply  Transforms  ->  fconvl  ;=  f  ddl  fconv2 

q  q  q  q 

Perform  Inverse  Fourier  Transform  TOL  .05 

convl  :=  icf ft (fconvl)  conv2  ;»  icf f t  (fconv2) 

Calculate  all  response  terms 


Firstterm 

q 


f  dd2 
q  q 
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K  s«c 

t 

X  j=  - 

•[lL  2  J  L  C 

X  X 

S«condt«rm  :* - convl  Thirdterm  ;= - conv2 

qA  +  C  q  qA-C  q 


©  ;*  Firstterra  +  Secondterm  -  Thirdterm 

q  q  q  q 


©new  :=  3  -  ©  <-  This  step  was  done  to  start  at  zero  (round  errors) 

q  q  0 


Time 


Plot  of  square  voltage  pulse  on  motor  to  motor  angular  response 


Define  units 


a 

■ 

sec  ■  IT 

coul  ■  IQ 

kg  ■  IM 

2  4 

coul  sec 

2 

F  ■ 

2 

kg  m 

kg  in 

2 

kg  -  m 

N  ■  - 

H  ■  - 

kg  -  m 

a  =  - 

2 

2 

2 

sec 

coul 

sec  coul 

2 

coul 

kg'  m 

JOULE  ■  N  m 

AMP  ■  - 

VOLT  ■ 

m 

sec 

2 

»  - 

sec  coul 

sec 
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APPENDIX  B 


HI-TORQUE 
PM  FIELD 
SERVO 

12  VOLTS  DC 
1800  RPM 

Clifton  Precision  #DH-3250-C-1  .  .  .  Dual  shaft 
(ball  bearing).  Technical  specifications: 

Peak  Torque  100  In-oz.  at  12  Amps  max. 
Continuous  Torque  38  in>oz  max. 

Rotor  inertia  0.0038  in-oz  per  sec^ 
Torque  Constant  8.55  ifl-oz/Amp 
Terminal  Resistance  1.1  Ohtns 

Dual  shafts  1/2  dia.  x  0.937"  and  0.88”.  Shaft  end 
mounting  with  three  tapped  6/32  holes  at  one  end 
and  four  8/32  tapped  holes  at  opposite  end.  Motor 
3.25"  dia.  x  2.875"  long.  Screw  terminals.  New. 
Shpg  Wt,  5  lbs. 

TM89MTR5615_ _ _  . 
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National 

Semiconductor 


LM12  (L/C/CL)  150W  Operational  Amplifier 


General  Description 

The  LM12  is  •  powwr  op  amp  capabta  of  driving  ±35V  at 
1 10A  while  operating  from  ±40V  tuppitas.  The  monolithic 
1C  can  deliver  1  SOW  of  aina  wave  power  into  a  40  load  with 
0.01%  distortion.  Power  bandwidth  Is  60  kHz.  Fudhar,  a 
peak  dissipation  capability  of  800W  allows  it  to  handle  reac- 
tiva  toads  such  as  transducers,  actuators  or  small  motors 
without  derating.  Important  features  toduda: 

■  input  protection 

■  eontrolted  turn  on 

■  thermal  limiting 

■  ovenroltage  shutdown 
•  output-current  limiting 

■  dynamic  safe-area  protection 

The  1C  delivers  1  lOA  output  currant  at  any  output  voltage 
yet  is  completety  protected  against  ovarioads,  including 
shorts  to  tha  supplies.  The  dynamic  sale-area  protection  is 
provided  by  instantaneous  peak-temperature  Nmiling  within 
the  power  transistor  array. 

The  tum-on  characteristics  are  controllad  by  keeping  the 
output  open-drcuitad  until  the  total  supply  voltage  reaches 
14V.  The  output  is  also  opened  as  tha  ease  temperature 


exceeds  15(rC  or  as  the  supply  voltage  approaches  the 
BVcco  0*  output  transistors.  The  1C  withstands  ovarvolt- 
ages  to  100V. 

This  monolithic  op  amp  is  compensated  for  unity-gain  feed¬ 
back.  with  a  small-signal  bandwidth  of  700  kHz.  Slew  rate  is 
ev/|a,  even  as  a  foHower.  Distortion  and  capadtlv  toad 
stability  rival  that  of  tha  best  designs  using  complementary 
output  transistors.  Further,  the  1C  withstands  large  diffaren- 
tial  input  voltages  arto  is  wed  behaved  should  the  common- 
mode  range  be  exceeded. 

The  LM12  astablishas  that  monolithic  ICs  can  deliver  con¬ 
siderable  output  power  without  resorting  to  complex  switch¬ 
ing  schemes.  Devices  can  be  paraHelad  or  bridged  for  even 
graater  output  capability.  Applications  include  operational 
power  supplies.  I^h-voltage  regulators,  high-gu^  audto 
ampUfiers,  tape-head  positioners,  x-y  ptobers  or  other  ser- 
vfrcontrol  systems. 

The  LM12  is  supplied  In  a  four-lead,  TO-3  package  with  V~ 
on  the  case.  A  gokf-eutecljc  die-attach  to  a  molybdenum 
interface  is  used  to  avoid  thermal  fatigue  problems.  Two 
voltage  grades  are  available;  both  are  specified  for  either 
military  or  commercial  temperature  range. 


Connection  Diagram 


Typical  Application* 


V(C«£) 

Ti/Mrtro»-i 

Bottom  View 

Order  Number  LM12K,  LM12CK  or  LM12CLK 
See  N8  Package  Number  K04A 


15n 


’loo  aoXiniiii  (0.01  %)  •udo  •nioWiO' 
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'^olute  Maximum  Ratings 

g  IPINMy/AMvapac*  tpcclflad  d«ylc«*  ar*  raquirad, 
contact  tha  National  Semiconductor 


gglea/Olctrtbiitora  lor  avaHabtOty  and  apadflcatlona. 
Tetd  Supply  vottaga  LM12/LM12C  100V 

LM12ULM12CI.  60V 

I^Voltaga  Notal 

Qu^Cunant  IntamaRy  UmHad 

Electrical  Characteristics  (Notasi 


Junction  Tamparatura  Note  2 

Storage  TamparaturaRanga  -65*0^150*0 

Laad  Tamparatura  (Soldaring,  10  seoonda)  300*0 

ESO  Rating  to  ba  Oatarminad. 

Operating  Ratings 

Total  Supply  Voltaga  Ijyll2/LM120  l5Vloe0V 

LM12ULM120L  15V  to  60V 


Parameter 

Conditlona 

Typ 

2S*C 

UI12 

Ui12L 

LM12C 

Uyl12CL 

Units 

LktlKi 

Umlte 

lrg)ut  Offset  VolUga 

110V  ^  Vs  £  IO-SVmax. 
VcM-0 

2 

7/18 

15/90 

mV  (max) 

~  Bias  Current 

V“  -h  4V  S  VCM  S  V*  -2V 

0.15 

0.3/ 1.0 

0.7/ 1.0 

pA  (>"•*) 

kyiut  Offset  Current 

V“  -t-aVSVcM^V'*  -2V 

0.03 

o.i/e.8 

0.2/0.9 

pA(max) 

Common  Mode 

Rejection 

V"  -vaVSVcMiV*  -2V 
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75/70 

70/88 

dB  (min) 

Power  Supply 

Rejection 

V*  -  O  SVmax 
-6VS  V~  i  -0.5VmaX 

V~  *  “0.5V|y(^, 

6V  S  V*  <  O.SVmaX 

90 

110 

75/70 

80/78 

70/88 

75/70 

dB(min) 

dB(min) 

Output  Saturation 

Threshold 

toN  -  1  ms, 

AV|n  -  5  (10)  mV. 

lour  “  fA 

6A 

10A 

1.6 

4 

5 

2.2/2.8 

5/7 

6 

? 2/2-8 

5/7 

V(max) 

V(max) 

V(max) 

Urge  Signal  Voltage 

Gain 

tON  -  2  ms. 
VsAT-2V.lot/r-0 

VsaT  ■“  8V,  Rl  -  40 

100 

50 

50/90 

20/18 

30/20 

15/10 

V/mV  (min) 
V/mV  (min) 

Thermal  Gradient 
feedback 

Potss  “  sow,  Iqn  “  65  ms 

30 

SO 

100 

)iV/W(niax) 

Output-Current 

limit 

tON  “  10  ms,  Vqiss  ”  10V 

Ion  “  100  ms,  Vqss  “  56V 

LM12/LM12C 

tON  “  too  ms.  Votss  ”  78V 

13 

1.5 

15 

0.7 

16 

1. 0/0.8 

1.7 

06/0.4  1 

16 

o.9/o.e 

1.7 

0.5/0.98 

A  (max) 

A  (min) 

A  (max) 

A  (min) 

Power  Dissipation 

Rating 

ton  ”  100  ms.  Vgiss  “  20V 

V0ISS-58V 

100  , 
80  ' 

90/40 

58/98 

80/88 

52/98 

W(min) 

W  (min) 

DC  Thermal  Resistance 

(Note  4)  Voiss“20V 

VoiSS  -  58V 

2.3 

2.7 

2.6 

4.0 

2.9 

4.5 

•C/W  (max) 
*C/W(max) 

_  AC  Thermal  Resistance 

(Note  4) 

1.6 

1.9 

2.1 

*C/W  (max) 

_  Supply  Current 

VouT  “  0,  lour  “  0 

60 

80/80 

120/140 

mA(max) 

"*(•  l.NaiViwinpiii  should  «OMdeM>uppl|r«alUec  dir  nor*  VianW«allinarfnauWMvonif»bM»Mn  on*  npu  end  wvoewrMnnnelncMdWooKi  tor 
**  lMt2/LMIiC  or  eo  voRS  lor  dM  LM12V/LM1XX. 

t  Oeoradng  |uneaion  tsnipdrton  is  Momody  ImMd  ndv  225*0  oWdn  *w  powor  MnsMer  and  ne’e  lor  ew  oenrol  dreuay. 

Tho  supoly  voUsgo  a  t40V  (Viui  •  MV)  tor  Ad  lM12AMt2C  ond  t30V  (Viwx  -  aoV)  tor  A*  lM12t/lM12C«.  urMss  oAarvrlso  spodlM.  Tho 
'*'lM<erassAseondue«iigouAu<d«ntator(tudel|rAoutpuOlsVoa5dndlnlonidlpo<nrdasipalonaPo«.Tsniponusraneoa  -55*0  £  Tq  5  125*0 lor 
"•lM12/LM12LtndirC  <  Tc  £  70*0  lor  u«i20/Uil12CU  otwo  Tc  U  Ad  COSO  tsmMntm.  Sttndoid  (ypaloos  McalM  Imilt  tt  25*0  trha*  »-‘'*fieo  lyp* 
Id  Imnd  or  spdctol  eendWond  e«dr  till  tdinpdrmird  rmad.  WIA  no  hodi  sMh.  Ad  packaeo  «B  hddi  dl  a  laa  ol  3$*C/tse  par  lOim  ct  IMdmal 


"***  *- TNo  Adrmal  rddaunod  a  basdd  upon  a  pdok  tdmpdrdOn  ol  200*0  n  Ad  esnidr  ol  Ad  poiMr  dansMIor  and  a  casd  Umpdnluid  ol  25*0  iKddsurdd  at  Ad 
ol  Ad  pdcHagd  Poaom.  Thd  maamm  iundon  tdmpdrakra  ol  Ad  condol  dreudy  can  hd  ddlmaiod  hdadd  upon  a  do  Admial  rddalanod  ol  0.0‘C/W  or  an  dO 
"•""•I  raddlai'ies  ol  O.I’C/W  lor  any  epansing  voRaes. 

^I^inugh  tha  output  and  lupply  laada  ara  raaletant  to  alactroatatic  diachargae  from  handling,  tha  Input  laada  ara  not 
^  part  ihould  ba  treated  accordingly. 
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MltWWAIlONAL  sn>.r«i  BFVMllinM 
Dm  MIWNAflOMK.  snc$  M  •  ki^  Im  *1  «. 

«•  kM  «M  fmtm  tl  iC 

^ JMM  «r«lly  .mdM..  ^  Mr*. 

•r  **«— 1  •"•wtima  nm*w4 

f^y**^**^  *!*?*.  *•  kMiymy  u  «••«<  kMMttk  «* 


If  yw  (MM  U  (Mrkoto  ymr  (mmucM  .K.M(.  tUtmmf  mmmm^ 

aSgAigTagt^  ><. 


(S^aaeMae 

INTERNATIONAL  SERIES 
DC  POWER  SUPPUES 


DRAWING  NO.  51281 


REV.  L 


SPECinCATlONS  AND  APPLICATION  DATA 


\^TAC6/euWRENT  ftAlMC  CHAMT 


Mooa 


mcu  cumji 


HAft-I.S/OvA-. 

HA24^5-A 

Nt2->.A 

Nt5«S/0>#-A 

Ilil2-1.7>A 

Nt«5-1yS*A 

Ni24*1.2-A 

N222-1-A 

MC2-i-.A 

Meft-«/OV^-A 

Ha2-i4-A 

HC1»-2-A 

He24-14-A 

HC22-2-A 

M02-12-A 

M0»-t2/0«9*A 

H012-<.<*A 

N01ft-«-A 

H024*4.$-A 

we- 4- A 

MU-te-A 

NC5-ie/o^-A 

HCt2-f0.2-A 

MClS-f-A 

Na4-7.2-A 

NCit-e-A 

MM5-«/0V»-A 

HN12-11-A 

HN15-4.5-A 

HN24.2.e-A 

tOUAC  OUTPUTS 


2.0 


•.0 


1t.0| 


9.0 


10.2, 


11 


1.0 


10 


9.0 


7.2 


4.0 


ISL 


haas-i^/ov^-aT 

NAAi5-ae-A 

HAA24.a9-A 

HAAei2-A 

NA012-0.4-A 

M4015-a4-A 

HM1-2/0W- 

— I15-I.5-A 
124-1.2-a 
HWSII-A 
HCd-e/os^-Al 
Hccie->-A 
W24.2.4-A 
NCC5J2-A 
MOOI^S^A 


TH»i£  outputs 


■ 

M 

1 

■ 

1 

V|f! 

H 

MrAA-10W-A 

MBAA-aow-A 

HCAA-OOW-A 

HCM-75W-A 

M0M-1O9W-A 

CP191-A 

1 

1 

Liar  04 
.0  ar  Oil 
11 

TT  ar  M 
.7  ar  1.< 
.7  ar  1,! 

1 

1 

1 

e*04  e*0< 

l7«  Q 

<7  «  t.7  V  12 
<7  w  1.7  e  1.9 

1 

1 

1 

i^n 

IKZISi 

tKsiia 

^KSrt- 1 

un-* 

1 

£2 

0.1 

I 

f«r  ±t2V.  r«far  tfMmit  tlli»er««R. 

f«r  fWV.  r«f«r  t«  0»Ms  tHiMrtwc 

12V  u  I9v  ctfiAMi 

^  bekolM  »•  ram«tt  9m—. 

14***4**94  w«1AOm< 


-  fill  f«u4  to  ee*e 


miuys 

-  VOC  IfAwtoHWa  cantUvetioA 

-  e>0SJI  fa^Mtok 

-  vil  to  Ml-eeS  Lav.  t  -  UL  racatoiaae/CSA  cartWai 

-  &aaiii  aaltoae  tar  AC  inawt  -  aa  9V  avtoata 

-  100/I20/220/UO-240  VAC  -  2  Aair  toai»-ia 

-  >aaaa>n>  atoMare  aita  -  faltoaet/ctaraat  imil 

SPgQnCAHONS 

AC  ■toUT:  100/120/220/220-240  V4C*  ♦m  -IJl  47-«»4t 

(Da^la  avtoal  m^rmt  lOB  tar  90  MK  apvaOaN.) 
laa  AC  laMirttaa  Maia  m—t  aOPUCABM  HOICS 
frnm  'mtmmtHm  k  Mai 
9  Oaaiwto. 

OC  OMIOU^  laa  toMa«8/0atMl  OaMto  Omt  Ad^mrnmrt 

lie  m—L  (Mtato  I 

tiC  eCOUUflOto  .^.OlS  l»-  a  m  Im  ^aaia  ItlS  tor  mj«  i 
LOAD  OCOUUnON:  ♦.OOS  tor  a  90B  toai  toaw^a.  (alS  to  I 

OUlPur  toPPlC:  2V  to  ISV  aatowto;  Itoiir  tot>toC  aiwtoMw, 

24V  to  uev  aaiawtK  ItokVa.emtoat  Ph-to  i 
(HAO  ataaar  ItSWaal  mu  mm.) 

TKanSCNT  eCSPONSC:  ^Owa  tor  a  90  to  tOOK  toaa  totofa. 

91007  CRCtoT 


AMO  O^COLOAO 
M01CC0QN: 


AatomaUt  aarw>t  totol/toltoaOk 

Oait-to  aa  al  9V  awtowta.  Sal  at  tMC  ±ft4V.  I 
Otoar  autawto  May  tiaa  apUawto  0*m—  praiactiani. 

r  toiA  MAaa  toaa  prataatian  ^ 

tOJ>  I.  >«  kv  MHM  «I»  I  kM  MMM-IM.  I 

mvouTWK  .iuiwc:  «*e  i»  s.*e  m-m.*,  mmm«  (.MMy  «•  m  tctc  I 

U  CfH  )ra(  M  caM*  .mM  M  awM  CC  JM/tM 
toaaa  OOS  al  toiM  ratoO  aatoal  aa«ar. 


O^dl^TACC 

MOKcnON: 


STAavTVt 


iDtPOuiunc 

coemoDn^ 


PWCJCMCVt 

(itoM) 


9I0CK: 


i.09V*C  MatoMaa. 

2V  to  5V  awtaato  4SX 
12V  ana  19V  aatoata;  99S 

24V  Itoaato  29V  *  40V  toati^i  29ev  aatoaUc  fOS 
Par  M4.-S1D-OieOJtoOia4  llAlCatofary  t^racaavra  L 
Par  Mk-tlO-fieOAtotoaa  $11  l.Praiatoya  •. 

•  Ttoaraaaa  to  2J0VAC  aaaratiaa  to  al91^  -lOK. 

Male  ertoAaaliaaa  aaOjKl  to  toafa  aitoaat  aaUea- 


WAMAWTY 


Oatodtoa  ivtolariato  ar  aartowawatop, 
yaarp  traifi  toa  aala  at  aripiwai 

POtoOI-ONC  OtC 
OaPtofaa  af  any  fctoa  toraa^  toa 
to  toa  purtoaiar  ar  atoarp. 


paw  avp^y  at  Ra  aaaaatoclura 
ipaaficaUana.  aa  a  raauit  at 
to  a  pariotf  at  tva  (2)  liil 


vaa  ar  intoata  at  Ra  pratocto 
atfiar  aaiifaOana  ar  laoltoi 


PWOOOCTS  RgTURNED  FOR  RgPAW 

toaaaa  toiaa  Ma  pracaOvra  atoA  ralumtof  prapacts  tor 

1.  Cawlact  PawOfto’a  Ciralamar  Sarwea  Oapartw»awl  to 
aaiMaritalton  la  ratvm  praOactK 
POaCR-ONC.  PtC  PtoONC:  (009)  9e7-674l 

740  CMto  Ptota  (eOO)  e7e-.944S 

CamarMa.  Ca  92012  FAX:  (OOl)  aaO-0471 

USA  Tarx:  910-930-1297 

1  A  RatomaO  Uatartot  Authartoolton  (RilA)  Oa  toawaO  an 
fAMl  appaar  m  Ml  MiippiAo  iaewimnia  arto  MAlainare 


1  Pradpcla  Matt  Oa  ratumaO  OaifPI  pr>  pato. 

PraOwcta  ratumaO  Matoit  caAact  ar  ailhaiil  m  RMA  Mpnoar 
vto  to  rtfKlaO  anO  ratumaO  IrataAt  <  Mi  act. 
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o  o  o 

o 

/I 

e  e 

o 

o 

6" 

0 

B  0 

0 

O  O  0 

0 

'  r 

4 -  6"  - * 

FRONT  VIEW 


APPENDIX  F 


aARCSW 


SERIES* 

no  OPTICAL  ROTARY  ENCODER 

601H 

aoiv 

Hfcncu  MOnCMMM;  tMltMK  fl«  Sm  m  Ml  tMMk  M  aniMt  imM  mn.  iiWI  nlm  M  MM  M  WM 
•M  ■  a  •  IM  d  1  n  Mtei  nr  dMlM  •*  IMMM  ■  •  iUMM  ntt  Mr  IMMai  ■  M  HIM  OMk.  ril  at 

m  oMMin  lii  WMM  n  mt «  at  imH  aMMtm.  an  in  mn  Ma  Imi  Ml  on  nn.  ad  MlkH  Ml  HMI M  n  Mi  «a 
aanaiMnai.lM<MMr4taiiK  t  W  #  M  m  aw.  Ma  hbM  an  imiii.  mm  Imt  m  nMaraWn  nanwaaad 

ciaMMaiMiiiaMaantcMBkaaaaiM.M*  tas*.  a«na»Maf«iinan  laini  -  tinaad  aniMBMuiiaa*  Ua 
>M  turn  .  4  aa  an.  MBMIUTM  OUMCTIMnCt-  MaiMl  Ian:  -  Mt  a  .  Uit  MtCMKM  CMMCIUttm 
Mai  latiiat  Caaaaa  a  aaa  aacM  3M  MM  aa.  TiraiiiH  WC  Ina  n  .*»  «m>  Ma.  jai  na«  a  luaiai  nnaa  CM 
TiaaNaMaiii  mil,  an  iHaanWOMieat  W4t  lanMana  ■iii..tMnaaa.laii|n  tia  iHn  am  ill  a  a*  ad 
tin  ad  iM'lad. 


CARLE  CODE 

!l»?"  'M 

Punelian 

ezh 

SVOC  ±S%  9  30MAmu. 

Ground 

A  Out 

Omngt 

B  Out 

MODELtn  -  CAUfSmX 

K-M2 

-3/Bx32NEF-2A 


ii'7.T:'n 

1 

SVOC  ±S%  «30MAnm. 

2 

A  Out 

3 

Ground 

4 

BOut 

FUNCTION 

1 

SVOC  ±5%  9  30  MA  max. 

2 

AOut 

3 

Ground 

4 

B  Out 

MODEL  Ml  -  PC  TERMINAL  IHORIZONTAU 


(BSx 
012  THE 


MODEL  Ml  -  PC  TERMINAL  (VERTICAU 


OriTlulwawoaa 


OM  ouiauT  owwaa 

- _ 


H 


“1 

pi 


CdWd  Vwaion . 
HoriiontsI  PC  Vdnion  . 
VdftieilPCVinicin  ■■■ 


imtmnrn 


60O-I28-CBL 

eoo-i2s-ee6 

B0M28-C24 
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APPENDIX  I 


TYPES  SN5474.  SN54H74,  SN54L74,  SN54LS74A.  SN54S74, 
SN7474,  SN74H74,  SN74LS74A.  SN74S74 
DUAL  D-TYPE  POSITIVE-EDGE-TRIGGERED  FLIP-FLOPS  WITH  PRESET  AND  CLEAR 

'  '  dCVISEO  OfCCMUR  I«t3 


•  Packag*  Optiona  Includa  Both  Plattic  and 
Caramic  Chip  Carriara  in  Addition  to  Plaatic 

,  and  Caramic  OlPa 

•  Oapandabla  Taxaa  Inatrumanta  Quality  and 

Raliability 

'daaeription 

TMa  dtvicat  conuin  two  indapandent  O-iypa 
poaidva-adga-iriggarad  flip-flopa.  A  low  laval  ai  tha 
pteaai  or  claar  inpuu  tats  or  ratatt  tha  outputs 
tagardltss  of  tha  lavalt  of  tha  othar  inputs.  Whan  prasat 
and  daar  ara  inactiva  (highl.  data  at  tha  0  input  maating 
iha  tatup  tima  laquiramants  ara  trartsfarrad  to  tha 
outputs  on  tha  positiva-ooinfl  adga  of  tha  dock  putsa. 
dock  triggaring  occurs  at  a  voluga  laval  and  ia  not 
diractiv  ralatad  to  tha  risa  lima  of  tha  dock  puba. 
Folowing  tha  hold  lima  intarval.  data  at  tha  O  input  may 
be  changed  without  affecting  tha  levels  at  tha  outputs. 

Tha  SN54'  family  is  charactehied  for  operation  over  the 
full  militarv  temperature  range  of  -S5*C  to  I2S*C. 
The  SN74'  family  is  charactaruad  for  operation  from 
0»Cio70‘‘C. 


FUNCTION  TABLE 


INPUTS 

OUTPUTS 

PRE  CLR  CLK  0 

Q  Q 

L  H  XX 

H  L 

H  L  XX 

U  H 

L  L  XX 

M»  Ht 

I 

X 

I 

H  L 

X 

X 

L  H 

1  H  H  LX 

QO  Qd 

^  Tf.*  ourovt  irvus  .n  thia  contl9^Jr•llon  arc  not  ewatantooa 

TUB  mirtrmwm  in  Vq^  i#  th«  BI  pfBtBt 

«n0  CIBBP  B'B  AMr  V|^mBaimum.  Bgrth«rmorB,  tnit  con- 
*i9wEation  !•  nonttBOiB.  tnai  il.  it  wilt  not  OBfUtt  Ahon 
♦ithor  t  -IBI  or  CiBor  rBtorn*  to  itt  ir\BCti¥B  IHipM  «B*Bi. 

*®9'C  symbol 


SNS474.  SN54H74.  SN^74  . . .  J  PACKAGE 
SN&4LS74Ao  SNE4S74  a . .  J  OR  W  PACKAGE 
SN7474a  $N74H74  . . .  J  OR  N  PACKAGE 
SN74LS74A.  SN74S74  . . .  D.  J  OR  N  PACKAGE 
(TOP  VIEW) 


SNS474.  SNS4H74  . . .  W  PACKAGE 
(TOPVIEWI 


iclkC 

HTh 

Dipre 

1DC 

7  O 

3>Q 

iclrC 

3  12 

3iq 

vccC 

4  II 

bcNO 

2CLRC 

5  10 

p2Q 

2DC 

E  9 

]2Q 

2CLKC 

»  8 

]2PffE 

SN54LS74A.  SNS4S74  . 

. . FK  PACKAGE 

S.%74LS74A:SN74S74  . 

.  a  FN  PACKAGE 

(TOP  VIEW) 


NC  -  No  rntBrnaJ  conn«ct>on 
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TYPES  SN5400,  SN54H00,  SN54LOO,  SN54LS00.  SN54S00. 

SN7400,  SN74H00,  SN74LS00,  SN74S00 
QUADRUPLE  2-INPUT  POSITIVE-NANO  GATES 

_  i<tVIStO  OeCCMt€W  19«3 


•  Package  Options  Includa  Both  Plastic  and 
Caramic  Chip  Carriers  in  Addition  to  Plastic 
and  Caramic  OIPs 

•  Oepandable  Taxes  Instruments  Quality  and 
Reliability 

description 

These  devices  contain  four  independent  2-lnout  NANO 
gates. 

■Tie  SN5400,  SN54HOO,  SN54L00,  and  SNS4LSOO. 
and  SNS4S00  are  ctiaractenzed  for  operation  over  me 
full  miiitary  temperature  range  of  -55*C  to  IJS^C.  The 
SN7400.  SN74H00.  SN74LS00.  and  SN74S00  are 
cnaracteriaed  for  operation  from  0°C  to  70‘C. 

FUNCTtON  TABLE  laach  gate) 


INPUTS 

OUTPUT 

V 

A  B 

H  H 

L 

L  X 

H 

X  L 

H 

logic  diagram  laach  gate) 

.•=0— 


positive  logic 

Y  -  A  B  or  Y  -  A  +  B 


SNS400.  SN54H00.  SN54LOO  .  . .  J  PACKAGE 


SNBALSOOv  SNS4SOO  . . 

.  J  OP  W  PACKAGE 

SN7400,  SN74H00  . . . 

J  OR  N  PACKAGE 

SN74LS00.  SN74S00  . . . 

O.J  OR  N  PACKAGE 

(TOP  View) 

iA  Qi  U  isQ  vcc 

18  Qz 

I3Q48 

IV  p3 

3  2p4A 

2aD* 

llQ  4Y 

28  gs 

loQ  38 

2Y  Qs 

sQ  3A 

GND  g? 

_ap3Y 

SNS400.  SNS4N00  . 

.  .  W  PACKAGE 

(TOP  View) 

1  A  pi  U 

14Q  4  Y 

18C7 

i3Q  48 

1  YQ3 

'2D  4 A 

Vcc  04 

llQ  GND 

2Y  Qs 

lOQ  38 

2A  p6 

9Q3A 

280? 

SQ  3Y 

SNS4LS00.  SNS4S00  . . .  PK  PACKACr 
SN74LSOO.  SN74S00  .  .  FN  PACKAGE 
(TOP  VIEW) 


a  <  u  u  o 

^  —  2  >  V 


NC  •  No  miamai  connoowt 


# 


nOOUCTIOR  DATA 

Tfen  AOCBMOt  CMUMN  MitMaBtiM  CBtrMI  Bf 
tl  »oAI*CBti««  MIB.  Pr»««c<t  CBNtBra  IB 
iMCiticBiwiw  tM  iBrais  Bf  Tbbbb  mbubimbu 
ItBOBBTl  WtrfBBIf  PfBABCUBB  WBCBBBiBf  ABM 
BM  BBCBBBIflly  MCHiAB  IMIMf  bI  BM  BBfSBMIfft. 


,  Texas 
Instruments 

«OST  0* *>C<  tox  nuu  •  OBVLAS  rtXAS  793U 
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TYPES  SN54192,  SN54193.  SN54L192,  SN54L193,  SN54LS192,  SNS4LS193, 

SN74t92.  SN74t93,  SN741S192,  SN74LS193 
SYNCHRONOUS  4-BIT  UP/OOWN  COUNTERS  (DUAL  CLOCK  WITH  CLEAR) 

OECEMBEM  1972-RCV<SCO  OECCMBEA  tM3 


•  Cascading  Circuitry  Provided  Internally 

•  Synehronoua  Operation 

•  IruSividual  Preset  to  Each  Flip-Flop 

•  Fully  Independent  Clear  Input 


Types 

TYPICAL  MAXIMUM 

TYPICAL 

COUNT  FREQUENCY 

POWER  OlSSlPi 

■I92.-193 

32  MHj 

325  mW 

■1192.L193 

7  MHz 

43  mW 

■LSt92,’LSl93 

32  MHz 

9$  mW 

SNS4192,  SNS4t93.  $NS4LSl92. 
SNS4tS193  . . .  jOaiy  PACKAGE 
SN54L192.  SMS4L193  ...  JFACKAGE 
SM74192.  SN74193  . . .  JOAMPACKAOE 
SN74LS192.  SN74LS193  ...  0.  J  Oft  N  PACKAGE 
(TOP  VIEW) 

bQi  Ui«  ]VcC 
OeC  2  »s  Da 
QaC»  i4Dcu» 

DOWNC  4  i'3  ]BO 

UPC  S  »2  Deo 

QcC  *  «>  Uload 

QoC  >  10  Dc 

GNDC 8  9  Do 


Qa 

18  [ 

CLR 

DOWN 

]s 

itC 

BO 

NC 

]6 

.6[ 

NC 

UP 

]7 

'*[ 

CO 

QC 

]8 

LOAD 

dascription 

GNDiJS  9UD 

These  monolithic  circurts  ere  synchronows  rwersible 
(up/down)  counters  having  s  complexrtv  ol  55 

equivalent  gates.  The  '192.  'L192,  and  'LS192  circuits  SN54LS192.  SM54LS193  . . .  FK  package 

.w  ..  SN74LS192.  SN74tSt93  ...  fW  PACKAGE 

are  BCO  counters  ar>d  the  193.  L193  and  tSl93  are 

(TOP  VIEW) 

4-bit  binary  counters.  Synchronous  o(>era(ion  is  pro¬ 
vided  by  having  all  fiip*flops  clocked  simuttaneousiy  so  sou 

that  the  outpuu  chartge  coinddendy  with  each  other  ^  ^  ^  ^ 

when  so  instructed  by  the  ateenng  logic.  This  mode  of 

operation  elimirutes  the  output  counting  spikes  which  Oa  ]  a  18  [  CLR 

are  normally  associated  with  asynchronous  (ripple-  DOWN  ]s  ilC  BO 

cfocki  counters.  NC  ]6  I6[  NC 

The  outputs  of  the  four  mastef-slave  flip-flops  are  trig-  UP  ]  7  15  [  CO 

gered  by  a  low-to-high-level  transition  of  either  count  ^  ]  ®  '*  [  LOAD 

(dock)  input.  The  direaton  of  counting  is  determined  by  X  / 

which  count  input  is  pulsed  while  the  other  count  input  O  o  o  o  o 

1$  high.  ^  O  ^ 

All  four  counters  are  fully  programmable;  that  is.  each  ^  corv«ciion 

output  rr>ay  be  preset  to  either  level  by  entering  the 
desired  data  at  the  data  inputs  while  the  load  input  is 
low.  The  output  will  change  to  agree  with  the  data  in¬ 
puts  irvlependently  of  the  count  pulses  This  feature 

allows  the  counters  to  be  used  as  modulo-N  dividers  by  simply  modifying  the  count  length  with  the  preset  inputs. 

A  dear  input  has  been  provided  which  forces  all  outputs  to  the  low  level  when  a  high  level  ts  applied.  The  clear  function  is 
independent  of  the  count  and  load  inputs.  The  dear.  ctHint.  arid  load  inputs  are  buffered  to  lower  the  drive  requirements. 
This  reduces  the  number  of  dock  drivers,  etc.,  required  for  long  words. 

These  counters  were  designed  to  be  cascaded  without  the  rteed  for  exierrtal  circuitry.  Both  borrow  and  carry  outputs  are 
available  to  cascade  both  the  up-  and  down-coummg  functions.  The  borrow  output  produces  a  pulse  equal  m  width  to  the 
count-down  input  when  the  counter  underflows.  Similarly,  the  carry  output  produces  a  pulse  equal  m  width  to  the  couni-up 
input  when  an  overflow  condition  exists.  The  counters  can  then  be  easily  cascaded  by  feeding  the  borrow  and  carry  outputs 
to  the  count-down  and  count-up  inputs  respectively  of  the  succeeding  counter. 

•bsoluta  maximum  ratings  over  operating  free-air  temperature  range  (unless  otherwise  noted) 
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OAC0M8/DAC0M7/DAC080e 


APPENDIX  L 


National 

tfCI  Semiconductor 

DAC0808/DAC0807/DAC0806  8-Bit  D/A  Converters 

General  Description 

TIm  DAC060e  awfM  h  an  S4)H  monoMhic  dlgit«l-to-analog  MC1506/MC1406.  For  highar  apMd  apptuiluia.  J*. 
oonMrtar  (OAQ  fMturing  ■  M  acala  output  eurront  Mttling  OAC0800  data  ahaaL  ^ 

dma  o(  150  na  whia  dtoaipating  only  33  mW  wHh  ±  SV  aup> 
plaa.  No  laNranca  cunanl  (If^)  trimming  it  raquirad  tar  Features 

nwtiappiaritanaainoolhaMtealo  output  currant  iatypt.  ,  R^atlwa  aeeiaaev:  ±0.10%  arror  maidmum  rruf^>».> 

■Fitlaeala  currant  matefcllLSBtyp 

OMnro  accuracy  tar  IpEFi  2  mA.Thapo«»araupplycur>  ■  Faat  aattSng  thna;  150  na  typ 

ranta  of  tha  OAC0606  tariat  arc  Mapandant  oi  bit  codaa,  ■  Nonlnvarling  tSgItal  hiputa  ara  TTL  and  CMOS  compu, 

andaahtaitaaaaantlaltyconatantdavtcacharactarlttleaovaf  bla  _ 

ttia  antra  auppfyaoltaoatanga.  ■  High  tpaad  multiplying  input  alaw  rata:  8  mA/ia 

Tha  OA00500  wl  inlarfaoa  dtaclly  wHh  popular  TTL.  OTL  ■  Poarar  aupplyvollagaranga:  ±4iVto  ±1BV 
or  CMOS  iogie  lavala.  and  la  a  dbact  raplacamant  tar  tha  ■  Low  poivar  conaumpBon:  33  mW  SlSV 


Block  and  Connection  Diagrams 


OuaHn^Jna  Paefcaga 


OrdarNumbar 
OAC0808,DAC0807.'  *n 
orDACOSOO  %• 

Saa  NS  Paekaga  «  « 

Numbar  J1SA, 
MIOAorNISA 


SmaB  OuMlna  Paekaga 


Ordering  information 


ACCURACY 


OPCRATma  TBIPERATURE I 


TcpVlaw 


JPACKAOE(J15A)» 


ORDER  NUMBERS 
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(rC<TA^+75'C  |DACOe06Lai|MC1406L6lDAC0806LCNlMC140eP8 
nay  a*  oiaa«a  br  aUna  •C' <*«*•'. 


SOPACKAOEfMH 

DACOeOBLCM 

DAC0807LCM 
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^solute  Maximum  Ratings  (Not*  i) 
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Storage  Tamparatura  Ranga 
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DuaMrvUno  Packaga  (Caranric) 

.  Surface  Mount  Packaga 
Vapor  Phaaa  (BO  aaoonda) 
Infrared  (1 5  aaoonda) 


-65*010 -t-iscrc 


Operating  Ratings 

Tamparatura  Range 
OACOeOBL 
DACOeOBLC  Sanaa 


Tmm  ^  Ta  d  Timx 
-S5*CsTaS  +125*0 
0  STa  <  +75*0 


Qectricai  Characteristics 
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7(fc  to  +75*0,  and  an  digital  inputa  at  high  logic  level  unloas  othanviaa  noted.) 
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Ralativo  Accuracy  (Error  Raleliva 
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Propagatian  OMay  Tma 
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Digital  Input  Ourront 
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Raforenoa  Input  Bias  Ourront 


Aitput  Ounont  Ranga 


Output  Ounont 


Output  OurronL  AH  Bits  Low 


Output  VoKaga  Oomplanca  (Note  2) 
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Electrical  Characteristics  (continuad) 

(Vcc  -  5V.  Vee  -  -15Voc.VBeF/H1<  -  2inA.0AC0808;TA  -  -SPCtO  +12SC.DACOe0eC.£Wa)eO7C. 
-  (TC  to  75*C,  and  afl  digilal  'mpuls  at  high  lo^  laval  unlaaa  othamnaa  notad.) 
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Typical  Application 


naURE  1.  10V  Output  Otgital  to  Analog  Convoftar  (Nota  7) 
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APPENDIX  N 


LM124,  IJN2Z4,  LM224A 
LM324,  LM324A.  LM2902 
QUADRUPLE  OPERATIONAL  AMPUFIERS 

0H90.  S€mM«t»  tt7l-IUVIS(0  JANUAIIT  IMS 


•  WMa  Rang*  of  Supply  Voltagot: 

SIngl*  Supply  ...  3  V  to  30  V 
(UM2902  ...  3  V  to  26  V). 
or  Dual  SuppHaa 

a  Low  Supply  CucTont  Drain  Indapandant  of 
Supply  VoRag*  ...  0.8  mA  Typ 

a  Common-Mod*  Input  Voltag*  Rang* 

Ineludas  Ground  ADowbig  DIract  Sanaing 
■  now  Ground 

a  Low  Input  Btaa  and  Offaat  Paramatara: 

Input  Offaat  Voltag*  ...  3  mV  Typ 
A  Varalona  ...  2  mV  Typ 
Input  Offaat  Currant .  .  .  2  nA  Typ 
Input  Blaa  Currant .  .  .  20  nA  Typ 
A  Varalona  ...  16  nA  Typ 

a  Olffarantlal  Input  Voltag*  Rang*  Equal  to 
Maximum-Ratad  Supply  Voltag*  ...  32  V 
126  V  for  LM2902) 

a  Opan-Loop  Olffarantlal  Voltag* 

Ampllflcation  .  .  .  100  V/mV  Typ 

a  Intamal  Fraquancy  Companaatlon 
daacfiption 

Thasa  davicea  consist  of  four  indapandant,  high- 
gain  frsquencv-companastad  oparational 
amplifiars  that  wars  daaignad  spacifically  to 
oparats  from  a  singl*  supply  ovar  a  wid*  rang* 
of  voltages.  Oparstion  from  split  suppltaa  is  also 
possible  so  long  as  th*  diffaranca  between  th* 
two  supplies  is  3  V  to  30  V  (for  th*  LM2902. 
3  V  to  26  VI,  and  Pin  4  ia  at  least  1.5  V  more 
positiv*  than  the  input  common-moda  voltag*. 
Th*  low  supply  currant  drain  is  indapandant  of 
th*  magnitude  of  th*  supply  voltage. 

Applications  Include  transducer  amplifiers,  d-c 
amplification  blocks,  and  all  the  conventional 
operational  amplifier  circuits  that  now  can  be 
more  essilv  implementsd  in  singla-supply-voltag* 
systams.  For  example,  the  LM124  can  be 
operated  directly  off  of  the  standerd  5-V  supply 
that  is  used  in  digital  systems  and  will  easily 
provide  the  required  interface  electronics 
'""thout  raquiring  additional  ±  1 5-V  supplies. 


LM124  . . .  j  oa  W  SAOtAaC 
ALL  01MCM  . . .  O.  J.  OR  N  PAOCAOU 
(TOPVKW) 


AMPL 

#1 


AMPL 

•  2 


{: 

( 


burC 

IN-C 
IN+  C 

vccC 

IN+  C 
IN-C 

outC 


1  Ul4| 

2  I 


NO 

utJ 


1]out' 

IN- 

INh 

pGNO^ 

Qinh 

Qin- 

nouT 


AMPL 

«A 


AMPL 

*3 


LM124 

FK  CMP  CAMUBt  PACKAGE 
(TOP  VIEW) 


it  IN-r  ]4 
NC  ]S 
VCC  ]« 
NC 
*2  IN  + 


Z  O 


O  z 


-  -  u 
»  «  2  «  « 

LJLJUJLJLJ 
3  3  f  20  19 


IsC  SA  IN  + 
17  [  NC 
isC  GND 
isC  NC 
u[  #3  IN4. 


9  10  11  12  13 


r-Or- 
£  O  *  O  £ 


2 
rv  CM 


2 
<n 


NC-No  inMnwi  cennaction 


symbol  (each  ampHflar) 


INVERTING 
INPUT  IN- 
NONINVERTING 
INPin'  IN* 


Th*  LM124  ia  characterized  for  operation  over 
the  full  military  temperature  range  of  -55*C 
t^'SS'C.  Th*  LM2902  is  characterized  for 
®»««1ioo  from  -40'C  to  105«C,  the  LM224 
«  LM224A  from  -25*C  to  85  "C,  and  th* 
J:M324  and  LM324A  from  0*C  to  70*C. 
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APPENDIX  P 


^  National 
^  Semiconductor 

LM78XX  Series  Voltage  Regulators 


X 

X 


General  Description 

Th«  LM78XX  sanes  of  three  terminal  ragulatora  is  available 
with  several  fixed  output  voltages  maMng  them  useful  in  a 
wide  range  of  applications.  Otm  of  these  is  local  on  card 
ragulation,  sliminaling  the  distribution  problems  assodatad 
with  single  point  regulation.  The  voltages  available  allow 
these  raguiaiors  to  be  used  in  logic  systems,  instrumenta¬ 
tion.  HiFi.  and  other  solid  state  electronic  equipment  At- 
though  designed  primarily  as  fixed  voltage  regulators  these 
devices  can  be  used  with  external  components  to  obtain 
adjustable  voltages  and  currents. 

The  LM78XX  series  is  available  in  an  aluminum  TO-3  pack¬ 
age  which  will  allow  over  1  .OA  load  currant  if  adequate  heat 
sinking  is  provided.  Current  limiting  is  included  to  limit  the 
peak  output  current  to  a  safe  value.  Safa  area  protection  for 
the  output  transistor  is  provided  to  limit  internal  power  dissi¬ 
pation.  If  internal  power  dissipation  becomes  too  high  for 
the  heat  sinking  provided,  the  thermal  shutdown  circuit 
takes  over  preventing  the  IC  from  overheating. 

Considerable  effort  was  expanded  to  make  the  LM78XX  se¬ 
nes  of  regulators  easy  to  use  and  mininize  the  number 


of  external  components.  It  is  not  necessary  to  bypass  the 
ouQut,  although  this  does  improve  transient  response,  input 
bypassing  is  needed  only  if  the  regulator  is  located  far  from 
the  filter  capedtor  of  the  power  supply. 

For  output  voltage  other  than  5V,  12V  and  15V  the  LM117 
senes  provides  an  output  voltage  range  from  1 .2V  to  57V. 

Features 

■  Output  current  in  excess  of  1 A 

■  Internal  thermai  overload  protection 

■  No  external  components  requred 

a  Output  transistor  safe  area  protection 
a  Internal  short  circuit  current  limit 
a  Available  in  the  alumirKim  TO-3  package 

Voltage  Range 

LM7805C  5V 

LM7812C  12V 

LM7815C  15V 


Schematic  and  Connection  Diagrams 
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Order  Number  LM7805CK, 
LM7812CK  orl.M7815CK 
See  NS  Package  Number  KC02A 

Plaetlc  Packege 
TO-220(T) 
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Top  View 

Order  Number  LM7805CT, 
UM7812CTorUM7815CT 
See  NS  Package  Number  T03B 
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APPENDIX  Q 


National 

Semiconductor 


LM79XX  Series  3-Terminai  Negative  Regulators 


General  Description 

Th«  LM79XX  sanM  of  3-tarmirMl  regulators  is  available  with 
fixed  output  voltages  of  -SV.  -  12V.  and  -  ISV.  These  de- 
vicea  need  only  one  external  component— a  compensation 
capacitor  at  the  output  The  LM79XX  series  is  packaged  in 
the  TO>220  power  package  and  Is  capable  of  supplying 
1.5A  of  output  current 

These  regulators  amploy  internal  currant  limiting  safe  area 
protection  and  thermal  stiutdown  for  protection  against  vir> 
tually  ail  overload  conditions. 

Low  ground  pin  current  of  the  LM79XX  series  allows  output 
voltage  to  be  easily  boosted  above  the  preset  value  with  a 
rasiator  divider.  The  low  quiescent  currant  drain  of 


these  davicea  with  a  specified  maximum  change  with  line 
and  load  ensures  good  regulation  in  the  voltage  boosted 
mode. 

For  applicaiions  raquxing  other  voltages,  see  LM137  data 
sheeL 

Features 

■  Thermal,  short  circuit  and  safe  area  protection 

■  High  nppla  rejection 

■  t.SA  output  cunent 

■  4S  preset  output  voltage 


APPENDIX  R 


LM101A,  LM201A,  LM301A 
HIGH-PERFORMANCE  OPERATIONAL  AMPLIFIERS 


•  Low  Input  Currants 

•  Low  Input  Offset  Parameters 

•  Frepuency  and  Transient  Response 

Charactertaties  Adjuauble 

•  Short-Circuit  Protection 

•  Offset-Voiuge  Null  Capability 
'•No  Latch-Up 

•  Wide  Common-Mode  and  Olffarential 

Voltage  Ranges 

•  Same  Pin  Assignments  as  uA709 

•  Designed  to  be  Interchangeable  with 

National  Semiconductor  LMIOIA  and 
LM301A 

description 

The  LMIOIA.  LM201A.  and  LM301A  are  high- 
performance  operational  amplifiers  featuring  very 
low  input  bias  current  and  input  offset  voltage 
and  current  to  improve  the  accuracy  of  high- 
imoeaance  circuits  using  these  devices.  The 
nigh  common-mode  input  voltage  range  and  the 
absence  of  laich-up  make  these  amplifiers  ideal 
for  voltage-follower  applications.  The  devices  are 
protected  to  withstand  short  circuits  at  the 
output.  The  external  compensation  of  these 
amplifiers  allows  the  changing  of  the  frequency 
response  (when  the  closed-loop  gain  is  greater 
than  unity)  for  applications  requiring  wider 
bandwidth  or  higher  slew  rate.  A  potentiometer 
may  be  connected  between  the  offset-null  inputs 
(Ni  and  N2),  as  shown  in  Figure  7,  to  null  out  the 
offset  voltage. 

The  LM 101 A  is  characterized  for  operation  over 
the  full  military  temperature  range  of  -55*C 
to  125*C.  the  LM201A  is  characterized  for 
operation  from  -25*C  to  8S'C.  and  the  LM301A 
IS  characterized  for  operation  from  0*C  to  70*C. 
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DAC  Voltag*  Out 
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GND 

Vout  to  Motor  Amp 


Encodor  Signal  In 
R«f  Signal  In 
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TORQUE  TEST  BAR 
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